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Abstract 
 
Electrophoretic deposition (EPD) was used to form a composite layer of 
mercaptoundeconic acid (MUA) capped CdSe-TiO2 nanoparticle on a fluorine doped 
indium tin oxide (FTO) substrate. The CdSe-TiO2 layer can be employed to fabricate a 
quantum dot sensitized solar cells (QDSSC), increased contact between CdSe and 
TiO2 nanoparticles and leading to improved efficiency of the solar cells. 
 
A colloidal suspension of TOPO capped CdSe nanoparticles was prepared by the hot 
injection method, followed with ligand exchange in order to produce MUA capped 
CdSe nanoparticles. CdSe particle of diameter in the range of 2.44 nm to 3.26 nm 
were to be used in this research. The TiO2 nanoparticles were prepared by hydrolysis 
of titanium isopropoxide in water and produced particles size of 4.66 nm. Both 
nanoparticles were suspended in ethanolic medium. Electrophoretic deposition 
parameters were optimized. The results show that an applied voltage of 5 V, was 
suitable to be used to deposit single layer of MUA capped CdSe, TiO2 nanoparticles 
and the mixture of MUA capped CdSe-TiO2 nanoparticles. Smooth, uniform and 
dense layer were produced under this applied voltage. EPD also allows deposition of 
multilayer structures, in this research two layer structures of MUA capped CdSe on 
electrophoretically deposited TiO2 on FTO and mixed MUA capped CdSe-TiO2 on 
electrophoretically deposited TiO2 on FTO were formed. Three layer structures of 
MUA capped CdSe/MUA capped CdSe-TiO2/ TiO2/FTO were also synthesised. 
 
The photocurrent was measured on single layer, two layer and three layers 
electrodes. The optimum photocurrent parameters for each single layer were 
studied, in order to measure the photocurrent at the best condition possible.  The 
highest IPCE value recorder was 0.70 % on MUA capped CdSe on FTO, with the MUA 
capped CdSe size of 2.94 nm. The lowest IPCE, 0.011 %, was obtained from three 
layer structure of MUA capped CdSe/MUA capped CdSe-TiO2/ TiO2/FTO. 
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Chapter 1 Introduction 
Chapter 1, is the introduction chapter that will outline the objective of the research 
and ends with the description of the entire contents of the thesis. 
1.1 Introduction 
 
Third generation solar cells have opened up a new application for semiconductors 
nanoparticles (also known as quantum dots), i.e., quantum dot sensitised solar cells 
(QDSSC). Quantum dots solar cells have attracted much attention during the past 
few years due to the tuneable band gap of the sensitiser offering the possibility of 
converting light to electrical energy efficiently. In addition such particles offer the 
potential for generating multiple charge carriers per photon under high energy 
photons and possibility of hot electron transfer. The term ‘hot electron’ refers to the 
extra electrons that may be generated, when semiconductor nanoparticles absorb 
light with energy higher than band gap (1) (2) (3) (4).  The challenge now is to 
capture these photogenerated electrons as quickly as they are generated and 
transport them to the electrode surface in an efficient way. 
 
A common strategy to make use of the semiconductor quantum dots in solar cells is 
to couple them with a second large band gap semiconductor, such as TiO2, ZnO or 
SnO2, for charge transport. For example, excited electrons in CdSe, which absorbs 
light in the visible range, can transfer to the TiO2 conduction band. The electron 
transfer between the two semiconductor nanostructures, known as charge 
separation, can be improved by controlling the particles size of the quantum dots 
and hence the energies at the band edges (5), see Figure 1.1. Robel et al. have 
demonstrated that smaller CdSe nanoparticles show an increased in the electron 
transfer rate from CdSe quantum dots to TiO2 nanoparticles. The electron transfer 
rate constant is in the range of 107 to 1010 s-1 for particles of size of 2.4 nm to 7.5 nm 
(6). 
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Figure 1.1: Schematic diagram illustrating energy levels of different-sized CdSe 
quantum dots and TiO2. 
 
 
Various semiconductors nanoparticles have been studied to be used as the sensitiser 
in the QDSSC but CdSe has shown much promise as an effective sensitiser.  CdSe has 
a wider absorption range (< ca. 720 nm) which is in the range of greatest solar 
irradiances, 300 – 800 nm, making CdSe advantageous as light harvesting 
nanoparticles. Refer to Figure 1.2. 
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Figure 1.2: Solar emission spectrum (black line) and absorption spectra of CdSe 
nanoparticles (red line). 
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The CdSe-TiO2 composite system has been studied in QDSSC. This type of cell is 
composed of two transparent conductive electrodes; on one of the electrodes a few 
μm thick nanostructured film of a large bandgap semiconductor (TiO2) is deposited; 
quantum dots (CdSe) are absorbed on to the layer. The second electrode is coated 
with a thin film of platinum by sputtering or electrochemical deposition. The two 
electrodes are sandwiched together with hot melt polymer gasket and redox 
electrolyte (e.g., sulphide/polysulfide) is filled between these electrodes to close the 
electric circuit.  
 
There were several methods used to fabricate QDSSC, such as chemical bath 
deposition (CBD) and successive ionic layer adsorption and reaction (SILAR). These 
two methods give a high coverage of nanoparticles with good anchorage to the 
substrate. But there is a limitation of these methods, where it is difficult to control 
the size of the nanoparticles and a broad size distribution of the deposited 
nanoparticles is obtained. This problem can be overcome by fabricating the QDSSC 
using pre-synthesized colloidal quantum dots for which it is much easier to prepare 
monodispersed samples with the required size. Linker based approaches are the 
most common method used to incorporate these quantum dots into the 
mesoporous TiO2 electrode. First the TiO2 electrode is coated with bifunctional 
molecule linker followed by immersion of the electrode in quantum dots solution for 
long deposition times (24 – 96 hr) in order to achieve high surface coverage. 
 
Electrophoretic deposition (EPD) is alternative method to incorporate quantum dots 
into the mesoporous structure. Recently Zaban and co-workers have reported the 
fabrication of QDSSC by electrophoretic deposition of CdSe quantum dots onto 
conducting electrodes coated with mesoporous TiO2. The TiO2 mesopores were also 
prepared by electrophoretic deposition of Degussa P25 particles onto fluorine doped 
tin oxide (FTO) followed by hydraulic pressing and sinter at 550oC for 1 hr. Then the 
mesoporous TiO2 electrodes were immersed in CdSe nanoparticles suspended in 
toluene and electrophoretic deposition with applied voltage of 200 V for 2 hr. The 
incident photons to electron conversion efficiencies show the IPCE in the range of    
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13 – 20 % for all sizes, with the larger size have a longer onset wavelength, 
corresponding to their smaller band gap energies (7).  
 
Kamat and co-workers also have used the electrophoretic deposition to deposit CdSe 
– nC60 nanoparticle on thin film SnO2 cast on the optically transparent electrode 
(OTE). The CdSe and nC60 were mixed at known amount and suspended in mixed 
solvent of toluene/acetonenitrile, under 50 V cm-1 applied field resulted in the 
deposition of CdSe - nC60 clusters on positive electrode. The IPCE obtained from the 
CdSe - nC60 electrodes is ~4 % (8).  
 
Rosenthal and co-workers have fabricated photovoltaic cells by electrophoretic 
deposition of CdSe nanocrystals suspended in hexanes on TiO2/indium tin oxide 
substrate (ITO). The TiO2 layer was assembled by spin coating technique onto the 
ITO/ glass substrate, followed by electrophoretic deposition of TOPO capped CdSe 
suspend in hexanes under application of 500 V. Very low conversion efficiency was 
observed from the solar cell fabricated by electrophoretic deposition of CdSe 
nanocrystals because of very thin CdSe film was deposited on the TiO2/ITO (9). 
 
Herman and co-workers have reported an electrophoretic deposition of TOPO 
capped CdSe resuspend in non-polar solvent. The TOPO capped CdSe were deposited 
on both anode and cathode (10) (11) (12). Herman group also performed a co-
deposition of mixture films for CdSe nanoparticles with -Fe2O3 and Au 
nanoparticles. The EPD for mixture of CdSe and -Fe2O3 produces identical films on 
anode and cathode. On the other hand, the EPD of mixed CdSe and Au, show only 
CdSe deposited on the positive electrodes (13). 
1.2 Aims of the Research 
 
This research is concerned with the formation of solar cells based on CdSe-TiO2 
composite system. In all the electrophoretic studies above, the CdSe nanoparticles 
were suspend in non-polar solvent, e.g. hexane and toluene. Electrophoretic 
deposition from non-polar solvent normally needs higher voltage (> 100 V) and 
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longer deposition times (> 1 hr). In this research the CdSe nanoparticles were 
suspend in polar solvent, e.g. ethanol, which only required 5 V and 5 minute to 
deposit CdSe nanoparticles films with 2.75 m in thickness. Our work is the first to 
report the electrophoretic deposition of CdSe nanoparticle suspended in polar 
solvent. The result shows that this process is sensible for big scale processing in 
future, due to shorten fabrication time. 
 
In addition, all other electrophoretic studies show that the CdSe nanoparticles 
incorporated into the mesoporous structure (Figure 1.3a). In this type of structure 
the contacts between CdSe and TiO2 are limited, restricting electron transfer from 
CdSe the TiO2. To improve the cells performance an interdigitated layer will be 
employed (Figure 1.3b).  
 
 
 
 
 
 
                           
                                 (a)                                                                                   (b)                                                                          
Figure 1.3: Schematic diagram of (a) approach from other studies and (b) proposed 
approach in this research. 
 
 
The aims of this research are to form and characterise single layers of CdSe 
nanoparticles and TiO2 nanoparticles as the first step before the deposition of mixed 
CdSe-TiO2 nanoparticles, in order to understand the electrophoretic deposition 
behaviour of the both nanoparticles. After gaining some information on the 
electrophoretic deposition for both nanoparticles, the combined deposition of      
CdSe – TiO2 nanoparticles was conducted. The CdSe and TiO2 nanoparticles will be 
randomly deposited on the substrate thus increasing the contact between CdSe and 
TiO2 nanoparticles, meaning more electrons can be transferred from the conduction 
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band of CdSe to the conduction band of TiO2. In this research, electrophoretic         
co-deposition will be used to deposit the mixture of CdSe and TiO2 nanoparticles.  
 
Since the semiconductor is the promising candidates for sensitisers in 
photoelectrochemical cells and solar cells, photoelectrochemical studied have been 
performed on the electrophoretically deposited electrodes, in order to measure the 
incident photon conversion efficiencies, IPCE, of the electrodes.  
1.3 Outline of the Thesis 
 
The summaries of the subsequent chapters are: 
 
Chapter 2, will review on some fundamental theories on the topics including the CdSe 
nanoparticles, TiO2 nanoparticles, electrophoretic deposition and 
photoelectrochemical of nanoparticles. 
 
Chapter 3, the experimental chapter describe the experimental procedure throughout 
the thesis. The deposition procedure and characterisation technique used are 
describes in detail. 
 
Chapter 4 will focus on the synthesis and characterisation of the TOPO 
(trioctylphosphine oxide) capped CdSe, MUA (mercaptoundeconic acids) capped CdSe 
and crystallite TiO2 nanoparticles. 
 
Chapter 5 is the chapter detailing the results and discussion for EPD of TOPO capped 
CdSe, MUA capped CdSe, TiO2 nanoparticles and mixtures of MUA capped CdSe-TiO2 
nanoparticles films on FTO substrates. The single layer deposition is important to 
provide information on the behaviour of these materials for a better understanding 
for the production of multilayers. Depositions were also performed with two and 
three layer of the nanoparticles, on a FTO substrate. Finally these samples were 
subjected to photocurrent studies to measure the IPCE of the single layer and the 
composite layers. 
 
 
Chapter 6 is the main conclusions of the results and discussions chapter in this Thesis 
and also future work on this research.  
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Chapter 2 Literature Review 
 
Chapter 2, will review on some fundamental theories on the topics including the CdSe 
nanoparticles, TiO2 nanoparticles, electrophoretic deposition and EPD application of 
nanoparticles. 
2.1 Semiconductor Nanoparticles 
 
Over the last three decades, since the pioneering works of Brus (14) and Henglein 
(15), the synthesis of semiconductor particles with sizes ranging between ~ 1 and 10 
nm has received significant attention. They represent a transition regime between 
the bulk solid and molecule (Figure 2.1). They appear to be fascinating objects to be 
studied for their basic novel properties. Their unique properties result from what are 
termed ”size quantization effects”. These small particles are often known as 
nanoparticles. The word ‘nano’ come from the Greek word meaning dwarf or small.  
 
The size dependent properties of semiconductor nanoparticles are commonly 
demonstrated by their optical properties. When colloidal solutions of semiconductor 
nanoparticles are illuminated with light, the colour of light emitted depends upon 
the size of the particle, due to the quantum confinement effect. The ability to tune 
the emission spectrum makes these particles interesting for different technological 
areas, including biological labelling and diagnostics, light emitting diodes, 
electroluminescent devices, photovoltaic devices, lasers, and single electron 
transistors. Semiconductor nanoparticles with different sizes and shapes have been 
synthesized by two general routes, the organometallic route and aqueous 
precipitation. 
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Figure 2.1: Schematic energy diagram illustrating the transition between a molecule 
and a bulk semiconductor via nanoparticles [modified from ref. (16)]. 
 
2.1.1 Quantum Confinement in Semiconductor Nanoparticles. 
 
Properties of bulk semiconductors arise from the periodic arrangement of atoms in a 
crystalline lattice. In a semiconductor the overlapping of the atomic orbitals leads to 
the formation of bands separated by a forbidden gap, called the band gap (Figure 
2.1). An electron may be excited to the conduction band when applying a stimulus 
such as heat, voltage or a photon, this leaves a positive charge, hole, in the valence 
band. An electron and hole experience attractive Coulomb forces, this resultant 
electron-hole pair is called an exciton. 
 
Bulk semiconductors have fixed band energies. There is a minimum energy of 
radiation that the bulk semiconductor requires to raise an electron from the valence 
band into the conduction band, corresponding to the energy of the band gap (Eg). 
When an electron in the conduction band falls back into the valence band, 
electromagnetic radiation with wavelength corresponding to the exciton energy is 
emitted. 
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The major difference between bulk semiconductors and semiconductor 
nanoparticles stems from a physical confinement of electron and hole pairs, i.e., the 
exciton. The exciton can be considered as an electron orbiting a hole. The exciton 
radius, termed the Bohr Radius (αB), depends on the effective masses of the electron 
and hole, *em  and 
*
hm , and on dielectric constant of the material ε: 
 
   
     
 
   
[
 
   
 
 
  
 ] 2.1 
 
where h is the Planck constant, e is the elementary charge, r is the relative dielectric 
constant of the material and o is the permittivity of free space (a known constant). 
In bulk semiconductors the dimensions of the semiconductor crystal are much larger 
than its Bohr radius, which allows the exciton to extend to its natural limits. 
However, if the size of a semiconductor crystal becomes small enough that it 
approaches the size of the exciton, the continuous energy bands split into discrete 
levels. This means that there is a small and finite separation between energy levels. 
This formation of discrete energy levels in a nanosized semiconductor crystal is 
called quantum confinement.  
2.2 CdSe Nanoparticles 
 
CdSe is II-VI semiconductor with the wurtzite crystal structure for both bulk material 
and for nanoparticles (17) (18) (19). The exciton Bohr Radius of CdSe is 56 Å and 
particles of radius < 56 Å display quantum confinement effects. CdSe particles are 
usually prepared as colloidal suspensions and in these solutions the particles are 
capped with organic ligands. Typically CdSe nanoparticles are capped by a long chain 
hydrocarbon, like trioctylphosphine oxide (TOPO) and trioctylphosphine (TOP), 
Figure 2.2. These organic molecules are used to prevent oxidation and stabilise 
nanoparticles in solution. Without the ligand shell the nanoparticles tend to 
aggregate and sediment. Nanoparticles dispersed in liquids are either charge 
stabilized or sterically stabilized, depending on the dispersion medium. In aqueous 
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media, an electrical double layer results from Coulombic interactions between 
charged ligands, giving a repulsive force to counter the attractive van der Waals 
force. In an organic medium, the loss of conformational freedom of the ligand and 
increase in solute concentration provide the necessary repulsive force, Figure 2.3. 
 
 
 
 
 
 
 
 
 
Figure 2.2: Schematic of CdSe nanoparticles capped by trioctylphosphine oxide 
(TOPO). 
 
 
Figure 2.3: Schematic illustration of charge and steric stabilisation of dispersion 
medium. (a) Charge stabilisation and (b) Steric stabilisation [copy from ref. (20)]. 
 
CdSe nanoparticles, smaller than the bulk exciton Bohr radius (56 Å), strongly confine 
electrons and holes in all three dimensions, such particles are also called              
zero-dimensional structures. 
(a) (b) 
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2.3 Properties of CdSe Nanoparticles 
 
2.3.1 Optical Properties of CdSe 
 
Size dependent optical properties of colloidal semiconductor particles were first 
observed in the early 1980s by Brus et al. (21). The optical properties of CdSe 
nanoparticles depend on their energy band gap, Eg, the minimum energy needed to 
create an electron-hole pair in a nanoparticles (an ‘’Excitons’’). The most outstanding 
effect in semiconductors nanoparticles is the widening of the bulk band gap. Since 
the band gap depends on the size of nanoparticles, the onset of absorption is also 
size dependent, refer to Figure 2.4. The onset of the absorption band which is 
indicatives of the band gap, shifts from the bulk value of ~713 nm (1.74 eV) into the 
visible region as the diameter of the CdSe nanoparticles changes from 4.6 nm to     
2.3 nm. CdSe nanoparticles with an absorption peak in the visible region are suitable 
for use in solar cells application, allowing CdSe nanoparticles to absorb the visible 
light from the sun and convert it to electricity. 
 
 
Figure 2.4: Absorption (plain lines) and emission spectra (dotted lines) of colloidal 
CdSe nanoparticles of different sizes. The absorption peak of 
green/yellow/orange/red fluorescent nanoparticles of 2.3/4.0/3.8/4.6 nm diameter 
are at 528/547/580/605nm [copy from ref. (22)]. 
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2.3.1.1 Band Gap Calculation for CdSe Nanoparticles 
 
An electron-hole pair can be generated by a photoinduced process or by charge 
injection. The minimum energy Eg required for creating electron-hole pairs in 
nanoparticles is made up several contribution. One contribution is the bulk energy 
band gap, termed Eg (bulk). Another important contribution is the confinement 
energy for the carrier, which is termed Ewell.  For large particles (bulk: R      ∞) Ewell 
tends to zero. The confinement energy for an electron-hole pair in a spherical 
nanoparticle of radius, r, can be written as: 
 
      
  
     
 2.2 
 
where m* is the reduced mass of the exciton and is given by (23): 
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Here *em  and 
*
hm  are the effective masses for the electron and holes respectively.       
  
In order to calculate the energy required to create an electron-holes pair, another 
term (ECoul) has been considered. The Coulomb interaction takes into account the 
mutual attraction between the electron and the holes, multiplied by coefficient that 
describes the screening of the crystal. The screening coefficient depends on the 
relative dielectric constant εr of the semiconductor is defined as detailed below: 
 
         2.4 
 
The relative dielectric constant, r, of the particle material is multiplied by 4 and the 
permittivity of the free space, o, to yield the simple dielectric constant of the 
material, . 
 
 An estimate of the Coulomb term yields: 
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This term can be quite significant, because the average distance between an electron 
and a hole in a nanoparticle can be small (21) (24) (25) (26). The size dependent 
energy gap of spherical semiconductor nanoparticles can be estimate, using: 
 
  (   )    (    )              2.6 
 
Then, by inserting Eqs. (2.2) and (2.5) into (2.6): 
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Equation (2.7) with CdSe parameters substituted yields: 
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where effective mass of electron/hole, me=0.13mo, mh =0.4mo (23),            
mo=9.1095x10
-31 kg; dielectric constant εCdSe=5.8, permittivity constant        
ε0=8.854x10
-12 C2 N-1 m-2; Planck constant h=6.626x10-34 J s, e=1.602x10-19 C and the 
Eg(bulk)=1.74eV. 
 
Equation (2.7) is only a first approximation. Many effects, such as the crystal 
anisotropy and the spin-orbit coupling, have to be considered in more sophisticated 
calculation. Figure 2.5 presents the plot of Eg vs. r (Radius) for CdSe nanoparticles 
obtained using equation (2.8). From the figure, when the radius of a nanoparticle, r, 
is much larger than αB (Bohr radius) the Eg is similar to that of the bulk. However, 
when r become smaller there is a sharp size dependent rise in the Eg, i.e., when the 
quantum confinement effect occurs, the semiconductors nanoparticles exhibits 
interesting luminescent behaviour at smaller particles size. A photograph showing 
changes in the emission wavelength as a function of size of semiconductor 
nanoparticles is shown in Figure 2.6. 
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Figure 2.5: Size dependence of the energy band gap for colloidal CdSe nanoparticles 
with radius, r (nm). Data obtain using equation (2.8). 
 
 
 
Figure 2.6: Emission from ZnxCd1-xSe nanoparticles of different size [copy from ref.  
(27)]. 
 
2.4 Colloid Synthesis of Semiconductor Nanoparticles 
 
2.4.1 Aspects of Nanoparticles Growth in Colloidal Solutions 
 
The field of synthesis of semiconductor nanoparticles has experienced an enormous 
development in the past two decades. Chemical methods based on colloidal 
chemistry are commonly used to synthesis nanoparticles with uniform composition, 
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size, shape and surface chemistry, where all these properties are crucial for both the 
study of their size-dependent properties and for their further use in different 
applications. 
 
Figure 2.7 is a schematic of the colloidal synthesis of monodisperse nanoparticles 
mechanism. Generally the process can be divided into two phases. The first phase 
involves the nucleation from initially homogeneous solution and growth of the pre-
formed nuclei. The growth from the reaction mixture can be stop at the desired size 
by quenching it in the solvent or can be continued to the second growth phase, 
called Ostwald ripening. Often size selective precipitation is required to get 
monodisperse of the nanoparticles.  
 
 
               
 
Figure 2.7: A schematic diagram of stages involve in the preparation of 
monodispered nanoparticles [copy form ref. (28)]. 
 
2.4.1.1 Ostwald Ripening 
 
Ostwald ripening is an important process occurring during the growth of colloids. 
Ostwald ripening is the growth mechanism where the smaller particles dissolve 
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releasing monomer or ions for consumption by bigger particles, Figure 2.8. The 
driving force of Ostwald ripening is a decrease of particle solubility with increasing 
size, as expressed by the Gibbs-Thompson equation:  
 
        
    [
    
   
]       
 [  
    
   
] 2.9 
 
 
where, )(rC and 0bulkC  are the concentration of particles with radius r and of the 
bulk materials, respectively,  is the surface tension, and Vm is the molar volume of 
the solid. This equation is only valid for very small ( r ~ 1-2 nm) colloidal particles (29) 
(30). In the case of nanoparticles with r = 2 - 5 nm the particle solubility becomes 
strongly nonlinear against r-1. Moreover, for nano-scale particles the activation 
energies of the growth and dissolution processes are also size-dependent (31). 
 
 
 
 
 
 
 
Figure 2.8: Basic schematic of Ostwald ripening process. 
 
2.4.2 Colloid Synthesis of CdSe Nanoparticles 
 
The earliest research on nanoparticles was done on CdSe particles in glass matrices 
for optical devices (32) (33) (34). The results show a variation in absorption peak 
energy which corresponds to differences in crystal size, shifting to higher energy with 
smaller particles size. These particles were embedded in the glass matrix, to make 
nanoparticles useful for others application preparation of sols was required. 
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The path breaking paper in preparation of CdSe nanoparticles was the work by 
Murray, Norris and Bewendi in 1993 (17). The paper describes a method for 
synthesizing CdSe by reacting a metal alkyl (dimethylcadmium) with TOPSe 
(trioctylphosphine selenide) in TOP (trioctylphosphine), a coordinating solvent that 
also acts as the capping agent. The reaction, suggested by Murray et al., succeeds to 
some extent in separating the nucleation and growth steps. When the chalcogen 
source is injected into the hot solution, nucleation occurs, accompanied by a fall in 
temperature. Further growth occurs by maintaining the reagents below the 
nucleation temperature; the final size depending on the growth time. In this 
research size-selective precipitation was required to get monodisperse solution. This 
can be done by adding a small amount of methanol to the mixture, which results in 
the flocculation of the nanoparticles. The flocculent is then separated from the 
supernatant by centrifugation and the nanoparticle powder is dispersed in organic 
solvent. The method from Murray and co-workers has proved to be popular and has 
been cited in many papers. Alivisatos and co-workers (35) have produced CdSe 
nanoparticles by employing tri-butylphosphine (TBP) at higher temperatures. The 
nanoparticles produced by this method are nearly monodisperse even without      
size-selective precipitation, crystalline and spherical in shape. 
 
Fischer and co-workers (36) prepared TOPO-capped CdSe nanoparticles using four 
different cadmium precursors: dimethylcadmium, dineopentylcadmium, 
bis(3diethylaminoprppyl) cadmium and (2,2’-bipyridine) dimethylcadmium. The 
result demonstrate that dimethylcadmium, the most common cadmium source in 
the synthesis of CdSe nanoparticles through colloidal chemistry, can be successfully 
substituted by other organometallic precursors without loss in quality of the CdSe 
nanoparticles. Peng and co-workers synthesised CdSe nanoparticles using ‘’greener’’ 
cadmium sources such as cadmium oxide or carbonate instead of organometallic 
compounds (37) (38) (39) (40). The work suggests that when using such cadmium 
precursors the candidates of surfactants such as hexadecylamine (HDA) together 
with hexylphosphonic acid (HPA) or tetradecylphosphonic acid (TPDA) lead to an 
improved size distribution of the nanoparticles. Talapin and co-workers have 
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proposed the use of greener chemical routes to synthesise the CdSe using cadmium 
acetate as the cadmium source (41). 
 
Mulvaney and co-workers reported a phosphine-free synthesis of CdSe 
nanoparticles. In this work the selenium was dissolved in 1-octadecane at 2000C to 
give a homogeneous selenium stock solution that is stable at room temperature (42). 
This method does not use organometallic compounds of phosphine and provides 
information on ligand effects on the growth dynamics and photophysics of CdSe 
nanoparticles. Another study of non-organometallic route was done by the Cao 
group (43). The CdSe nanoparticles were prepared without precursor injection. They 
showed that monodispersed CdSe nanoparticles were produced by slows heating the 
reaction mixture to slightly above the decomposition temperature of cadmium 
myristate (CH3(CH2)12COOCd) and the melting point of selenium. The relative 
standard deviation of the size of the CdSe produced by this method was less than 
5%.  
 
2.4.3 Semiconductor Nanoparticles Synthesised by the 
Organometallic Route 
 
The first report method of using the organometallic approach to prepare CdE (E=S, 
Se, Te) nanoparticles was presented by Murray, Norris and Bawendi in 1993 (17). 
The synthesis is based on the pyrolisis of organometallic reagents (like 
dimethylcadmium and bis(trimethylsilyl)selenium) by injection into hot coordinating 
solvent (like trioctylphosphine oxide (TOPO) and trioctylphosphine (TOP)). The 
synthesis begins with the rapid injection of organometallic reagents into a hot 
coordinating solvent to produce a temporally discrete homogeneous nucleation and 
permits the controlled growth of nanoparticles. Size-selective precipitation provides 
nearly monodisperse nanoparticles which can be dispersed in variety of solvents. 
 
The schematic of the experimental set up for synthesizing nanoparticles with the 
organometallic approach is displayed in Figure 2.9. The solvent in this reaction is 
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TOPO which is placed in the reaction vessel and heated up to 300-3200C resulting in 
explosive nucleation. The cadmium precursor is dimethylcadmium, which must be 
handled with standard airless techniques. The dimethycadmium is mixed with TOP, 
similarly selenium is mixed with TOP. These two solutions are combined and loaded 
into a syringe. The heat is removed from the reaction vessel and the TOP mixture is 
rapidly injected into the hot TOPO under vigorous stirring. The injection of room 
temperature reagent solution causes a sudden drop in the temperature, to as low as 
1800C, which terminates the nucleation. Heating is resumed and the temperature is 
gradually raised to 230-2600C. The time of growth at the desired temperature and 
the proper choice of coordinating solvent provide control over the particle size. 
 
 
 
 
 
 
 
 
 
Figure 2.9: Schematic of the hot injection method employed in the organometallic 
synthesis of nanoparticles. 
 
2.4.4 Semiconductor Nanoparticles Synthesised in Aqueous 
Precipitation 
 
Weller and co-workers have pioneered the use of water soluble thiols, such as 
mercapto alcohols (1(-thioglycerol, 2-mercaptoethanol), and mercapto acids 
(thioglycolic acid, thiolactic acid) as capping agents to synthesise CdSe nanoparticles 
in aqueous media (44). Typically, a solution containing a metal salt (e.g., cadmium 
perchlorate) and the capping agent is treated with NaOH to raise the pH, degassed 
by bubbling inert gas (to prevent the oxidation of chalcogen source), followed by the 
introduction of the chalcogen, in the form of NaHSe, under inert conditions. 
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A typical aqueous synthesis of CdSe is illustrated in Figure 2.10. In the first stage, a 
hydrogen chalcogenide produced by reaction between Al2Se3 and H2SO4 is 
introduced as gas at room temperature into the reaction vessel containing the 
aqueous solution of metal salt and suitable capping agents at appropriate pH.     
Water-soluble precursors of nanoparticles are formed in this stage, most probably in 
the form of metal-chalcogen-thiol complexes. Applying heat in the second stage 
promotes the chemical reaction between metal and chalcogenide leading to the 
formation of semiconductor nuclei followed by their growth. The material added to 
the growing nuclei is supplied either from the existing complexes or from dissolving 
smaller particles following the Ostwald ripening mechanism described in section 
2.4.1.1. The resulting size distribution of samples is usually relatively broad                 
(15 – 20%). 
 
The use of different thiols and their mixtures as stabilising and capping ligands, as 
well as varying the concentrations of the reactants, the pH value of the solution, and 
the duration of the heat treatment allows control of the particle size during the 
aqueous synthesis. As a result, the size range of 1.2 – 6.0 nm is generally accessible. 
 
 
 
 
 
 
 
  
 
  
Figure 2.10: Schematic of the synthesis of thiol-capped CdSe nanoparticles. First 
stage: Formation of CdSe precursors by introducing H2Se gas. Second stage: 
Formation and growth of CdSe nanoparticles promoted by reflux [redraw from ref. 
(45)]. 
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2.4.5 Applications of CdSe Nanoparticles in Optoelectronic 
Devices 
 
Semiconductor nanoparticles, particularly CdSe have generated a lot of interest due 
to the quantum-confined size tunable luminescence behaviour, which make the 
potentially useful in applications such as in electroluminescent devices, light emitting 
diode and solar cells. 
  
Solar cells have been made using poly-3(hexylthiophene)-CdSe nanorod multilayers 
(46). CdSe nanoparticles linked to mesoporous TiO2 films exhibits injection of 
electrons from the nanoparticles to the TiO2 film upon visible light excitation. 
Photocurrent is generated by collecting the injected electrons at a conduction 
electrode and holes were removed the hole scavenger (47). Electroluminescence has 
been seen in devices consisting of CdSe nanoparticles embedded in films of 
poly(vinycarbazole) and a oxidiazole deriavative (48). Gudisken et al. (49), observed 
electroluminescence from a single CdSe nanoparticles transistor. The light emission 
occurs when the bias voltage exceeds the band gap of the CdSe. Light emitting 
diodes have been made based on CdSe nanoparticles/p-paraphenylene vinylene 
composite structure (50). Lasers have been fabricated by using composites 
containing titania and CdSe nanoparticles with strong confinement (51). By varying 
the CdSe size of the nanoparticles from 1.7 to 2.7 nm, the wavelength of stimulated 
emissions is varied. The importance is that lasers of different colours can be 
obtained using a single method of fabrication. 
2.5 Metal Oxide Nanoparticles 
 
Metal oxides (MO) are an important class of materials exhibiting a wide range of 
properties and applications. When the size of these materials is bought down to the 
nanometer regime, size dependent properties arise as results of surface chemistry.  
The importance of surface chemistry stems from the large number of atoms at the 
surface of nanoparticles.  
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Metal oxide nanoparticles can be categorized as insulating or semiconducting 
depending on their band gap.  Semiconducting metal oxides normally have a band 
gap below 3.5 eV and have visible to near UV absorption. The semiconducting oxides 
form from the oxides of metals in the middle of periodic table (Sc to Zn), such as 
ZnO, TiO2, NiO, Fe2O3 and Cr2O3. 
 
Insulating metal oxide has a band gap larger than 3.5 eV, meaning no visible and 
near UV absorption and poor electrical and thermal properties.  Typical examples of 
insulating oxides include MgO, CaO, Al2O3 and SiO2. 
 
For typical metal oxide nanoparticles, quantum confinement is not significant in 
contrast to II-VI or III-V semiconductors nanoparticles. Figure 2.11 demonstrates the 
study from Monticone et al. for the TiO2 nanoparticles diameter at 1.5 nm, 2.0 nm 
and 2.5 nm give the same value for the band gap, that is 3.60 eV (52) . 
 
 
 
Figure 2.11: Absorption onset (AO) value of anatase TiO2 nanoparticles of 1.5 nm,   
2.0 nm and 2.5 nm [copy from ref. (52)]. 
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2.6 TiO2 Nanoparticles 
 
Titanium dioxide is one of the most important metal oxide nanomaterials with a 
wide range of applications due to its unique physical and chemical properties. Since 
1916 TiO2 has been used as pigment in paints (53) and as pigment in sunscreen to 
protect skin against ultraviolet (UV A and UV B) radiation. Since the pioneering work 
of Fujishima and Honda in 1972 (54), TiO2 has received special attention for photo-
electrochemical water splitting and other application, such as solar cells (55) (56), 
photocatalysis (57), electrochromics (58), photochromic devices (59) (60) and various 
types of sensor (61) (62) (63) (64) . The material has found commercial applications, 
such as the development of antifogging and self-cleaning glass (65).  
 
2.6.1 Crystal Structure 
 
TiO2 has an amorphous form and three crystalline phases: anatase, brookite and 
rutile. Rutile is obtained after high temperature calcination and is the stable crystal 
phase at room temperature. The brookite and anatase phases are stable only at very 
low temperatures and easily transform to rutile under suitable conditions.  Anatase 
has gained significant attention as a nanostructured material, it has proven to 
possess excellent photoactivity and optoelectronic properties (66) (67). 
 
The TiO2 structures are made of titanium ion (Ti
4+) at the centre and surrounded by 
an octahedron six O2- ions. Each oxygen atom has three titanium neighbours and 
therefore belongs to three different octahedral (68). The difference between the 
anatase and rutile is the lattice distortion of each octahedron shown by the Ti-O-Ti 
angle and the octahedron arrangement, as shown in Figure 2.12. In the undistorted 
TiO2 structure the Ti-O-Ti angle is 90
o. From Figure 2.12, the octahedral in rutile 
shows a slight orthorhombic distortion as the Ti-O-Ti bond angle is 98.88o, whereas 
in anatase the Ti-O-Ti band angle is 156.20o which show a significant orthorhombic 
distortion (68). As show in Figure 2.13, octahedral are arranged in parallel for 
anatase, while in rutile the octahedral are rotated by 90o. The differences in the 
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lattice structure causes differences in mass density and band gap between the two 
TiO2 phases (refer to Table 2.1).  
 
 
 
 
 
 
 
 
 
 
 
 
(a)                                                                              (b)  
Figure 2.12: Structure of a) anatase and b) rutile 
 
Table 2.1: The anatase and rutile properties. 
 Anatase TiO2 Rutile TiO2 
Mass density 3.894 g/cm3 (tetragonal) 4.25 g/cm3 (tetragonal) 
Band gap 3.1 – 3.2 eV 3.0 – 3.1 eV 
a (lattice constant) 3.784 Å 4.593 Å 
 
Anatase and rutile TiO2 have been investigated as photocatalysts in aqueous media. 
A number of studies have indicated that increasing fraction of the anatase phase 
increases the photoactivity (69) (70) (71). Other studies found that the ideal catalyst 
is a mixture of anatase and rutile phases (72) (73) (74).  The proposed reason behind 
the enhanced photocatalyst activity is the transfer of electrons in the latter case 
between crystals leading to reduced electron-hole recombination in the electron 
donor phase, diffusion of holes to the surface of the crystal to take part in the radical 
generation step. 
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The following series of reactions for the photocatalystic pathway in aqueous media 
was proposed by Gerisher (75). 
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The superoxide radical then reacts with water 
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The final step is the radical generation step 
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2.6.2 Properties of TiO2 
 
2.6.2.1 Electrical Properties 
 
Titanium dioxide is a semiconductor with wide band gap in the range of ~ 3.0-3.2 eV. 
TiO2 is usually an n-type semiconductor, with point defects created by oxygen 
vacancies. The oxygen vacancies in the TiO2 form shallow energy levels, which act as 
donor, see Figure 2.13. The defects commonly concentrate at the surface of the 
nanoparticles, which means dimension has a significant effect on the electrical and 
optical properties, which changes with  surface to volume ratio (76) (77). 
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Figure 2.13: Schematic diagram showing TiO2 as n-type semiconductors. 
 
2.6.2.2 Optical Properties 
 
The optical properties of TiO2 primarily result from a transition of an electron from 
the valence band to conduction band under illumination at an appropriate 
wavelength. The valence band derives primarily from oxygen 2p orbitals and the 
conduction band edge from titanium 3d orbital.  
 
The band gap of TiO2 varies depending on the crystalline phase.  The band gap for 
anatase phase is 3.1 ~ 3.2 eV which corresponds to UV radiation of wavelength         
376 – 380 nm. For rutile phase TiO2 the band gap is 3.0 ~ 3.1 eV which corresponds 
to UV radiation of 400 – 410 nm. 
 
2.6.2.3 Band Gap Calculation for TiO2 Nanoparticles 
 
Substitutions TiO2 parameters into equation 2.7 gives the band gap relative to 
particle radius: 
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where the effective mass of electron and hole, me=10mo, mh =0.8mo (78), 
mo=9.1095x10
-31 kg; dielectric constant εTiO2=12 (78), permittivity constant 
ε0=8.854x10
-12 C2 N-1 m-2; Planck constant h=6.626x10-34 J s, e=1.602x10-19 C and the 
Eg(bulk)=3.2eV. 
 
Using equation 2.16, a graph of wavelength vs. radius of TiO2 is plotted in Figure 
2.14. Figure 2.14 show that the Bohr Radius of TiO2 is 1.0 nm. The Bohr radius for 
TiO2 is very small in comparing to the Bohr radius of group II-VI or III-V 
semiconductors. Thus the quantum size effect is not significant for TiO2 
nanoparticles in the range of few to few tens of nm.  
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Figure 2.14: Calibration curves for wavelength relative to radius following Brus 
formula. 
 
2.6.3 Synthesis of TiO2 
 
Over the last decades, several methods of synthesis TiO2 nanoparticles have being 
developed. Common TiO2 nanoparticle synthetic procedures include sol-gel (79), 
solvothermal (80), hydrothermal (81) (82) solid state processing route (mechanical 
alloying/milling (83) (84), mechanochemical (85) (86), RF thermal plasma (87) and 
laser ablation (88). From all the above, the sol gel method is the most widely used to 
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synthesis TiO2 nanoparticles due to low cost, ease of fabrication and low processing 
temperature. These methods generally are based on the hydrolysis and 
condensation of titanium alkoxides (Ti(OR)4), such as titanium ethoxide, titanium 
propoxide and titanium isopropoxide. The formation of TiO2 nanoparticles from 
titanium (IV) alkoxide reactive precursors, usually in water are as follows: 
 
Hydrolysis 
  (  )         (  )       2.17 
 
Where R is ethyl, i-propyl, n-butyl, etc. The hydrolysis process results in the 
hydroxide. The tetravalent cations in the hydroxide are too acidic so nucleation of a 
stable hydroxide cannot occur. Condensation of the hydroxide molecules emitting 
water leads to the formation of a network of titanium hydroxide, as follows: 
 
Condensation 
  (  )    (  )  (  )          (  )      2.18 
  
  (  )            (   )    2.19 
 
The resulting solid particles or cluster are so small (1 to 1000 nm) that gravitational 
forces are negligible. Interactions are dominated by van der Waals, Columbic, and 
steric forces and the TiO2 suspensions are stabilised by the electrical double layer, 
steric repulsion, or a combination of both. Over time, the colloidal particles link 
together by further condensations lead to the formation of titanium dioxide, see 
Figure 2.15.   
 
Further condensation 
(  )          (  )             2.20 
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Clear solution                Nucleation                    Condensation         Further condensation 
Figure 2.15: Schematic diagram of TiO2 particles growth by sol-gel method. 
 
Normally, nanoparticles prepared using sol gel methods are amorphous in nature 
due to incomplete hydrolysis of the alkoxide precursors, resulting in amorphous 
hydrous oxides with OH groups on the surface, refer to equation 2.18. A high 
temperature treatment is required to get crystalline products, the heating may 
induce growth of the particles and also phase transformation. The hydrothermal 
treatment is an alternative route to the high temperature treatment for promoting 
crystallisation at milder temperature. An autoclave is used for hydrothermal 
treatment, where chemical reactions in aqueous medium occur under heating and 
high pressure. Typically, in hydrothermal treatments a reduced agglomeration is 
achieved and crystallization occurs without extensive particle growth. 
 
2.6.3.1 Sol Gel Synthesis Parameters 
 
The final properties of titanium dioxide nanoparticles very much depend on the rates 
at which hydrolysis and condensation take place. Slower and more controlled 
hydrolysis leads to smaller particle size (89). Hydrolysis and condensation rates 
depend on the alkoxy group, water to titanium molar ratio (r=[H2O]\[Ti]), pH of 
solution, alcohol type used in the synthesis and temperature.  
 
i. Alkoxy group 
The titanium alkoxides ranging from 2 (ethoxide) to 4 (butoxide) carbon atoms long 
are often used in the synthesis of TiO2 nanoparticles. The reactivity towards 
hydrolysis decreases as the alkoxyl chain length increases. In the presence of excess 
water, hydrolysis of highly reactive alkoxyl is rapid and complete in seconds, making 
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the hydrolysis process hard to control. To achieve a degree of control the reactant is 
usually diluted in alcohol before mixing with water. The study from Vorkapic and 
Matsoukas (90) shows that the particles size decreases in the order                    
ethoxide > propoxide  ≥ isoproproxide > butoxide, which corresponds to the order of 
decreasing reactivity of the alkoxide. Basca and Grӓtzel report that rutile was 
obtained when ethoxide was used as a precursor alkoxide, while isopropoxide and 
butoxide yield anatase predominatly (91). 
 
ii. Water to titanium molar ratio 
It has been reported that the size and structure of the TiO2 produced from the 
alkoxides precursors is strongly affected by the water titanium molar ratio 
(r=[H2O]\[Ti]) [67,78], smaller particles are obtained at higher ratio. Wang et al. also 
reported that the amount of water is important for the formation of anatase TiO2 
nanoparticles (92).  
 
iii. pH of solution 
Most of the alkoxide precursors are best handled in a dry atmosphere to avoid rapid 
hydrolysis and uncontrolled precipitation since they are highly reactive towards 
water. For alkoxides with low hydrolysis rates, acid or base catalyst can be used to 
enhance the process. This will change the pH of the prepared solution and has a 
great influence on the final size of the TiO2 nanoparticles. As the pH of the solution 
increases the size of TiO2 nanoparticles also increases (93) (94). Use of strong acids 
(e.g., HNO3, HCl, HClO4) results in stable sols that do not precipitate if left for a long 
time (95). It has also been reported that the concentration of acids also affects the 
final crystal structure of the TiO2 nanoparticle. From the study conducted by Oh et al, 
they found that at high concentrations of HCl a rutile structure is obtained, while at 
low concentrations of HCl anatase is obtained (96). 
 
iv. Type of alcohol 
Methanol, ethanol, propanol and isopropanol are most common alcohol used in the 
sol gel synthesis. As shown in Table 2.2 as the molecular weight of the alcohol 
increase, the dielectric constant of the solvent decreases, thus lowering the 
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electrostatic barrier against aggregation. Thus higher molecular weight alcohols 
result in an enhanced rate of aggregation and formation of larger particles (90).  
Table 2.2 Dielectric constant for some common solvents 
Solvent Molecular weight Dielectric constant 
Water 18.01 80.00 
Methanol 32.04 33.00 
Ethanol 46.07 24.30 
Propanol 60.10 20.10 
Iso-propanol 60.10 18.23 
 
Table 2.3: The effect of water to titanium isopropoxide (IV) ratio, pH of solution and 
solvent use in the TiO2 nanoparticles synthesized by hydrolysis and condensation of 
titanium alkoxide. 
Ref. Water to titanium molar 
ratio r=[H2O]\[Ti] or amount 
of water and TTIP used in the 
experiment 
Titanium 
alkoxides 
Solvent pH 
adjust 
Peptization 
temperature and 
time 
Structure 
(77) 2.97 ml TTIP into 100 ml EtOH Titanium 
isopropoxide 
Ethanol Acetic 
acid 
 Anatase 
(79) 1:1 
2:1 
3:1 
4:1 
Tertrabutyl 
titanate 
(Ti(OBu)4) 
Ethanol HCl - Dry gel is 
amorphous 
(91)  Titanium 
ethoxide 
 HNO3 80
oC/8 hr Rutile 
(91)  Titanium 
isopropoxide 
 HNO3 80
oC/8 hr Anatase 
(91)  Titanium 
butoxide 
 HNO3 80
oC/8 hr Anatase 
(92) 0.1ml TTIP 
5 ml H2O 
Titanium 
isopropoxide 
15ml 
ethylene 
glycol 
 150oC/2 hr Anatase 
(93) 5 ml TTIP 
250 ml H2O 
Titanium 
isopropoxide 
15ml 
isopropanol 
HNO3  60 – 70
oC /18 – 
20 hr 
Anatase  
(94) 1:6 
1:12 
1:20 
1:50 
1:100 
Tertrabutyl 
titanate 
(Ti(OBu)4) 
 HCl or 
NaOH 
 Anatase 
(96) 3 ml TTIP 
40 ml H2O 
Titanium 
isopropoxide 
 0.5M-
5M 
120oC /6 hr  
(97) 10:1 Titanium 
isopropoxide 
Ethanol HNO3 80
oC/8 hr Anatase 
(98) 0.1mol TTIP 
into 0.15 mol H2O 
Titanium 
isopropoxide  
Ethanol  HCl  Amorphous 
(99)  Titanium 
isopropoxide 
 Neutral  Anatase 
(100) 1:200 Titanium 
isopropoxide 
2-propanol HNO3 85
oC anatase 
(101) TTIP in 100 ml H2O Titanium 
isopropoxide 
  100 & 200oC for 2 
&24 hr 
Anatase 
(102) 21ml titanium ethoxide, 29ml 
H2O (cooled at 0
oC) 
Titanium 
ethoxide 
Ethanol acetic 
acids 
 Amorphous 
(103) 4:1 Titanium 
isopropoxide 
Isopropanol HCl  Anatase 
(104) 1:15 Titanium 
isopropoxide 
Isopropanol pH 8 Heat up to 300oC Anatase 
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2.6.4 Application of TiO2 in Energy Conversion 
 
In recent years rising oil prices and concerns about climate change have increased 
research related to renewable energy sources. Conversion of light energy into 
electricity has attracted much attention due to the reduced carbon footprint and 
lower the resources used, water and sunlight are abundant. TiO2 have being widely 
studied in light energy conversion applications in photoelectrochemical cells for solar 
hydrogen generation and photovoltaic solar cells. 
 
2.6.4.1 Photoelectrochemical Cell (PEC) 
 
The discovery of photosynthetic water splitting by Fujishima and Honda in 1972 
opened a new application of TiO2 (54). Photoelectrochemical cells offer a great 
means for converting light energy directly into chemical energy, with the energy 
stored in molecules such as hydrogen. 
 
A conventional PEC employs two electrodes, platinum as the cathode and a 
semiconductor as a photoanode, in electrolyte solution.  Under illumination the 
photoanode absorbs light and creates electron-hole pairs, which are separated by 
the depletion layer formed at the semiconductor-electrolyte interface. At the 
semiconductor photoanode, electrons move through the bulk of semiconductor to 
the counter electrode,where protons are reduced to hydrogen. The holes are driven 
to the surface of the photoanode where they are oxidise water to oxygen. Figure 
2.16 shows the principle operation of PEC based on n-type semiconductors. 
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Figure 2.16:  Schematic diagram of typical PEC devices and its basic operation 
mechanism for hydrogen generation from water splitting. 
 
 
TiO2 as a wide band gap semiconductor has been demonstrated as a promising 
material for photoanodes due to its suitable electronic band structure for splitting 
water and thermal and chemical stability in solution. However, due to its large band 
gap (3.0 – 3.2 eV), TiO2 only absorbs UV parts of the solar emission and so has low 
conversion efficiencies. To make the TiO2 absorb in visible range, doping of the TiO2 
with elements such as N, S and C is a promising approach (105) (106) (107). 
 
2.6.4.2 Photovoltaic Solar Cells 
 
Unlike the conventional p-n junction solid state solar cells, dye sensitized solar cells 
(DSSC) employ a new approach to solar light harvesting. TiO2 nanoparticles covered 
with dye molecules collect electrons from photoexcited dyes and ionic mediators 
collect holes. The original work on dye sensitised solar cells was published by 
O’Regan and Grӓtzel in 1991 (56). TiO2 nanoparticles were sensitized with N3 
ruthenium based dye (108). This type of solar cell has reached solar power 
conversion efficiencies of 7 – 12 % 
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A typical DSSC consists of two sheet of fluorine-doped tin oxide (FTO). The first FTO 
has been coated with a TiO2 nanostructured film and sensitized with dye. It is 
important that the TiO2 nanostructure has a porous structure to provide large 
surface area for dye molecules to absorb sufficient light and large contact area 
between the network and electrolyte, which allow the charge carriers to percolate 
across the particle network to the collector (109). The second FTO electrode is 
coated by a thin platinum film. This acts as a counter electrode being electron source 
for the reduction of the electrolyte and as a mirror at the back of the cell to optimise 
light absorption. These two electrodes are separated by the iodide/triiodide (I-/I-3) 
electrolyte solution. 
 
The basic operating principles of DSSC are presented in Figure 2.17. Under 
illumination light of sufficient energy, h, the electron in the HOMO of the dye is 
promoted to the LUMO of the dye molecule, shown by Arrow 1. Then, this electron 
is transferred to the Fermi level of FTO (Arrow 4) through the conduction band of 
TiO2 (Arrow 2). The oxidised dye (due to loss of an electron) is quickly restored to its 
ground state by electron injected from the redox electrolyte (Arrow 3) : 
 
      
      2.21 
 
Finally, Arrow 5 represents the reduction of oxidised redox electrolyte at the counter 
electrode (see Figure 2.17), which completes the circuit. 
 
  
          2.22 
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Figure 2.17:  Schematic diagram of dye-sensitised solar cell mechanism. 
 
 
Commercialisation of dye-sensitized solar cells is limited due to instability of the 
organic dye in aqueous media. This can be solved by replacing the dye with 
semiconductor nanoparticles, which are thermally stable and colour tunable by 
control of the nanoparticle size (5) (110) (111). Among the various semiconductors 
nanoparticles, CdSe, CdTe, CuInS2, InP, CdS have been used as sensitizer (112) (113) 
(114) (115) (116) (117). Another limitation is poor transport properties with 
nanoparticles based solar cells due to grain boundaries or trap states that 
significantly limit their conversion efficiency. One possible solution to this problem, 
while maintaining the advantages of nanomaterials for solar cells, is to use 1D 
nanostructured such as nanowires and nanorods, these are expected to have better 
transport properties than nanoparticles of TiO2 (118) (119) (120). One practical 
problem is leakage of the electrolyte under working condition, which has led to a 
search for new types of electrolyte, such as gel electrolytes, polymer electrolytes and 
ionic liquids  (121) (122) (123).   
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2.7 Electrophoretic Deposition (EPD) 
 
The electrophoretic deposition (EPD) method is widely used in the processing of 
advanced ceramic materials and coatings in a variety of applications such as 
automotive, appliance and general industrial coatings. There are several advantages 
of this method that make it interesting, such as high versatility of its use with 
different materials and different substrate shapes, cost- effectiveness because of its 
required simple apparatus, short formation time, easy control of the thickness and 
low level of contamination.   
 
On the other hand, there are also limitations of the electrophoretic deposition 
method if compared with other colloidal processes (e.g. dip and slurry coating). First 
water is not always a suitable liquid medium for EPD. This is because under applied 
voltage > 5 V, water dissociates to form hydrogen and oxygen. These gases would 
affect the quality of the deposited layer, typically giving rise to pinholes. The 
evolution of the gases can be overcome by using non-aqueous solvents as a liquid 
medium. 
 
Second major problem in electrophoretic deposition is the formation of cracks. 
Usually cracks occur during drying of the deposited layer and develop from the 
drying stresses linked to the tension forces that exist in the liquid inside the pores of 
the drying layer. These cracks can lead to delamination of some of the deposited 
layer. Understanding the formations mechanism of the cracks is necessary to 
improve the quality of the electrophoretically deposited layer.  
 
Another limitation to the EPD is that the film deposition can only be done on the 
conductive substrate. Even though, EPD has shown some limitations in processing, it 
has important advantages that make it suitable for industrial applications. 
  
The term ‘electrodeposition’ often refers to either electroplating or electrophoretic 
deposition. The basic difference between them is that electrophoretic deposition 
starts from a suspension of particles in a solvent whereas in electroplating the initial 
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solution is of salt. There are two types of electrophoretic deposition depending on 
which electrode deposition occurs. When the positively charge particles deposit on 
the cathode the process is called cathodic electrophoretic deposition. On the other 
hand, when negatively charged particles deposit on the anode the process is termed 
anodic electrophoretic deposition, see Figure 2.18. It is also possible for the two 
modes to happen together if there is a Boltzmann distribution of ‘’zero’’ surface 
charge on the particles.  
 
 
 
 
 
                                      
               
                                                    
                                            (a)                                          (b) 
Figure 2.18: Schematic of Electrophoretic deposition. a) cathodic EPD and b) anodic 
EPD. 
 
2.7.1 The EPD Process 
 
Electrophoretic deposition is basically a two-step process. In the first step, particles 
suspended in a liquid are forced to move towards an electrode by applying an 
electric field to the suspension. In the second step, the particles are collected at one 
of the electrodes and form a coherent deposit on it. The particles in suspension 
move only if they are charged. 
 
A charged particle in a suspension is surrounded by counter ions (ions of opposite 
charge) at a concentration higher than the bulk concentration of the ions. The layer 
of excess charge is called a double layer (Figure 2.19). When an electric field is 
applied, these ions and particles should move in opposite direction. However, as the 
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result of the attraction between the ions and the particles, part of the ion cloud 
surrounding the particle will not move in the opposite but move in the same 
direction with the particle. Therefore, the direction in which the particle moves 
depends on the net charge of the double layer and not just on the particles charge.  
 
Surface charge of particles can be measured by the zeta potential, . Figure 2.19, is a 
schematic diagram representing the distribution of charge and the potential drop 
exponentially across the double layer. In this case, the particle has a positive surface 
and is surrounded by an initial layer of negatively charged particles called a Stern 
layer. Enveloping this is another layer of ionic species termed a diffuse region. The 
potential at the shear interface, between Stern layer and diffuse region is the zeta 
potential, . The value and sign of the zeta potential is influenced by many factors, 
such as the presence of electrolyte, the suspension concentration and the pH.  
Hence, it is important to determine zeta potential of the particles under applied 
electric field in order to predict the behaviour of the particles on anodic or cathodic 
deposition. 
 
                
Figure 2.19: Schematic diagram of double layer surround the charge particles 
[modified from ref.113]. 
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2.7.2 Charge on Particles 
 
In order to get the particles to deposit on the electrode using the EPD, it is very 
important to obtained well-dispersed and stable suspensions, which can be achieved 
using electrically charged particles. Charging particles provide two effects in EPD: 
electrostatic repulsion for the formation of a stable suspension and mobility in an 
electric field. Particle surfaces may become charged by a variety of mechanism, the 
five most important of which are:  
1. ionisation of surface groups 
2. readsorption of potential-determining ions 
3. isomorphous replacement of ion 
4. charged crystal surface 
5. specific ion adsorption 
 
As mentioned above, the first mechanism for charge development is ionisation 
surface groups. In these systems, the degree of charge development and its sign, 
depends on the pH of the solution, because H+ and/or OH- behave as potential-
determining ions. Oxide surfaces, for example, can be considered to consist of a 
large numbers of amphoteric hydroxyl groups that can undergo reaction to produce 
either H+ or OH-. If the surface contains acidic groups, their dissociation gives rise to 
a negatively charged surface; conversely, a basic surface takes on a positive charge. 
 
At low pH 
(    )       
      (     )       
  2.23 
 
At high pH 
(    )       
       (   )       
       2.24 
 
The second mechanism for charge development is the reabsorption of potential-
determining ions. An example of this mechanism is the silver iodide/water system, 
when a silver iodide crystal is placed in water, dissolution occurs until the product of 
ionic concentrations equals the solubility product:  
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[   ][  ]       
    (        )  2.25 
 
If equal amounts of Ag+ and I- ions were to dissolve, then [Ag+]=[ I-] and the surface 
would be uncharged. If silver ion dissolve preferentially, leaving, I-, a negatively 
charged surface will result. If Ag+ ions are in excess, a positively charged surface will 
result. 
 
The third mechanism for charge development is isomorphous replacement. This 
mechanism commonly occurs in clay minerals. For example, in kaolinite, Si4+ is 
replaced by Al3+ to give negative charge particles. 
 
The fourth mechanism for charge development is charge crystal surface. It happens 
when a crystal is broken to expose a surface with unbalanced charge. For instance, 
when a platelet in kaolinite is broken, its expose edges containing AlOH groups, 
which take up H+ ions to give a positive edge. 
 
The fifth mechanism for charge development is specific ion adsorption. This is 
commonly observed with absorbed surfactant ions or dispersant, such as carboxylic 
acids and amines. In the case of cationic surfactants a positively charged surface 
results. In the case of anionic surfactants a negatively charged surface is obtained. 
 
2.7.3 Factors That Affect the EPD Process 
 
Colloidal properties of suspension and electrical parameters are the two factors that 
influence the deposition of charged particles on to the electrode under an applied 
field. These two important characteristics of the electrophoretic deposition process 
will be discussed in the separate subsections below. 
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2.7.3.1 Colloidal Properties of Suspension 
 
For a successful electrophoretic deposition, many suspensions parameters must be 
considered which relate to the suspended particles, suspension medium and the 
additives, which are discussed below. 
 
i. Particle size 
There is no specific particle sizes suitable for EPD, it has been reported that a good 
deposition can be achieved with particle sizes from a few nm to 30m (11) (124) for 
a variety of materials. The main problem is for larger particles because they easily 
sediment due to gravity, which makes it difficult to grow a uniform deposit from a 
sedimenting suspension of large particles. For instance, the EPD from a settling 
suspension with a vertical electrode arrangement will show a thinner deposit at the 
top and a thicker deposit at bottom.   
 
 
ii. Dielectric constant of the liquids 
The depositions of particle at the electrode very much depend on the repulsion 
between the colloidal particles, which is strongly related to the dielectric constant of 
the liquid. The common liquids used in EPD are water and organic solvent. The 
deposition from water based suspensions causes a number of problems such as 
electrolysis at low voltages (about 5 V) with the formation of bubbles that give rise 
to pinholes in the deposit. Thus it is more preferable to use organic solvents in the 
suspensions for EPD. Generally organic solvents have a low dielectric constant which 
is insufficient to allow reasonable charge to form on the particles. The reduce charge 
can lead to failed deposition, but this can be overcome by increasing the field 
strength (100-1000 V cm-1), which is possible for this type of solvents due to no 
electrolysis gas evolution. 
 
iii. Conductivity of  suspension 
In EPD experiments, the conductivity of a suspension is also important and needs to 
be considered. The suspension conductivity,  (S m-1) can be calculated from the 
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current flowing through the cell, I(A), the electric field E (V m-1) and the electrode 
surface area S (m2): 
 
  
 
  
 2.26 
 
Ferrari and Moreno (125) have reported that if the conductivity of a suspension is 
too high, the rate of agglomeration will increase and large agglomerates have low 
mobility. In addition the large amount of free ions in suspension becomes the main 
current carrier and, therefore, electrophoretic mobility of the particle is reduced. If 
the conduction of a suspension is too low the particles are less charged and the 
suspension loses its stability. In the study by Dor et al. TiO2 (126) suspensions were 
prepared from three different solvents, methanol, ethanol and isopropanol. The 
electrophoretic deposition from the study shows that methanol gives the highest 
deposition rate and film thickness, due to its higher conductivity. The range of 
suspension conductivity that is suitable for EPD differs for each type of particle and 
medium used in the EPD. 
 
iv. pH of suspension 
Many of the metal oxide in aqueous suspension obtained charge by ionisation of 
surface groups or by changing the pH of the suspension to acidic or base.  In order 
for EPD to occur, the pH values have to be more or lesser than the IEP value. IEP or 
isoelectric point is the pH that leads to no net charge on a surface or point of zero 
zeta potential. Figure 2.20, show the IEP value for TiO2. 
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Figure 2.20: The variation of the zeta potential of 0.05 g l-1 colloidal TiO2 as a function 
of pH in aqueous solutions of KNO3 at 25
oC [copy form ref. (127)] 
 
 
Lin and co-workers (128), shows that nanocrystalline TiO2 suspensions with pH in the 
range from 3 to 5 successful produce a deposition of nanocrystalline TiO2. When the 
pH was adjusted to higher that pH 5, the deposition rate was. 
 
 
v. Stability of suspension 
The suspension stability is described by the settling rate and ability to avoid 
flocculation. Stable suspensions do not flocculate and produce dense deposits that 
strongly adhere to the substrate. Unstable suspensions settle rapidly, form low 
density deposits and weakly adhere to the substrate. If the suspension is too stable, 
the repulsive force between the particles is very strong and it is unbreakable by the 
electric field, resulting to no depositions occurring. Therefore it is important to 
prepare a suitable suspension, in order to get a good quality deposition. 
 
vi. Zeta potential measurement of suspension 
Zeta potential of the particles is an important measurement for the EPD process 
determining the intensity of repulsion interaction between particles, the direction 
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particles move during the EPD process and the green density of the deposit.  
Generally the stability of the suspension depends on the interaction between the 
particles in the suspension. Electrostatic and van der Waals forces are involved in the 
stability of particle suspension. In order to avoid the agglomeration high electrostatic 
repulsion is required, which can be achieved with high particle charge in the 
suspension shown by high in zeta potential. This particle charge will also affect the 
green density of a deposit.  If the surface charge of the particles is low, particles 
could coagulate at or before they reach the electrode, forming a porous deposit. On 
the other hand, if the particles have high surfaces charge they will repel each other, 
and arrived at the electrode as individual particle that lead to the formation of dense 
deposit. 
 
vii. Additive 
The zeta potential can be controlled and varied by adding charging agent such as 
acids, base and specifically absorbed ions, to the suspension (129). Koura et al. (130) 
and Zhitomirsky (131) found that by adding small amounts of iodine to suspensions 
of some metal oxides more stable suspension resulted but noted the amount of the 
additive should be minimised. This is because only a small amount of ions would be 
absorbed on the particles surface. Ions that do not absorb on the surface increase 
the ionic strength/conductivity of the suspension resulting in a reduced thickness of 
the electric double layer on the particles surface. This leads to particle agglomeration 
and deterioration of the quality of deposited film (132). The presence of the 
additives will also affect the charge magnitude and its polarity. The selection of 
charging agent very much depends on the preferred polarity and the deposition rate 
of particles. 
 
2.7.3.2 EPD Process Parameter 
 
Electrophoretic  deposition process parameter relate to the physical parameter such 
as the deposition time, applied voltage and concentration of solid in suspensions will 
be discussed in the sub points below: 
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i. Deposition time 
EPD conducted under constant voltage, show a linear deposition rate at beginning of 
the EPD process but a plateau is resulted at very high deposition times. This can be 
explained by the fact that the electric field decrease with deposition time due to the 
formation of deposit on the electrode surface. 
 
ii. Applied voltage 
Generally, the rate of deposition increases with increased of applied potential. 
However, a suitable applied potential need to be obtained to form uniform films. If 
the applied potential is too high, particles tend to move fast and do not have enough 
time to find their best position to form close packed structure. Moreover, particle 
transport under high applied potential may be turbulent in the suspension which 
may disturb the coating on the electrode. If the applied potential is too low and 
cannot overcome the electrostatic repulsive energy between the particles, may 
cause unsuccessful deposition of the particles. 
 
In addition, it is also important to limit the applied voltage to suspension with high 
dielectric constant, such as methanol and ethanol, due to their susceptibility to 
ohmic heating (124). 
 
Moreover, high applied voltage to water based suspensions will cause electrolysis of 
water with the formation of bubbles, which will reduced the quality of the 
deposition layer. 
 
iii. Concentration of solid in suspension 
In contrast to other colloidal shaping process, such as slip casting and tape casting, 
EPD may be used with low concentration of solid in suspension.  Which make this 
process suitable to deposit nanomaterials. Normally EPD of nanomaterials is 
performed at lower solid concentrations in suspension. 
 
Recently, Radice et al. (133) studied on the role of particle concentration in 
electrophoretic deposition, using two different suspension systems, TiO2 
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nanoparticles dispersed in isopropanol with 1 vol % water and polystyrene 
microbeads dispersed in isopropanol. They presented a model related to 
concentration, if solid concentration was higher than a critical minimal concentration 
(C ≥ Cmin) a deposit on the electrode will form, the particle becoming neutralised 
when they touch the electrode, and accumulation of particles taking place at the 
interface of deposit and solution continuing growth, refer Figure 2.21a. If the solid 
concentration is lower than the critical minimal concentrations (Cmin  C) no deposits 
were formed because of the low probability of particle accumulation and thicker 
diffusion layer, , which makes the particles neutral at a distance from the electrode 
and even drive back particles to suspension under an electric field, see Figure 2.21b. 
 
 
 
Figure 2.21: EPD mechanism depending on particle concentration (a) deposition 
formed by particle accumulation (b) no deposition formed cause by local 
electrochemical condition [copy from ref. (133)]. 
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iv. Electrode gap 
Grinis et al. (134) have studied two working distance between electrode: 18 mm and 
54 mm, for EPD of TiO2 nanoparticles in ethanol with a small amount of iodine 
present. They found that for both electrode gaps the amount deposited increased 
with applied voltage but for the smaller electrode gap a high deposition rate was 
observed, compared to large the electrode gap configuration. However, larger 
electrode gaps were preferable due to better EPD stability and more uniform films. 
 
2.7.4 Co-Deposition of EPD 
 
The electrophoretic deposition of two or more components from the same solution 
is a complex and difficult process compared to single component deposition. For two 
or more component EPD, the concentrations of solid and zeta potential of the 
materials in suspension plays a major role. Wang et al. (135) have deposited a 
diamond/borosilicate glass (both with the same charge) composite from ethanolic 
suspension onto stainless steel by co-deposition EPD. They reported that it is 
possible to control the coating microstructure and composition by varying the 
concentration of the two materials in suspension.  If the concentration of solids is 
high, the powders deposit at equal rate. However, if the volume fraction is low, the 
particles can deposit at rate proportional to their individual electrophoretic mobility 
(136). 
 
The sign of the zeta potential shows the polarity of the species in the suspension. If 
the two components have the same particle charge they will deposit on the same 
electrode. If the two particles have opposite charge, the positively charged particles 
will deposited on the negative electrode and negatively charged particles on the 
positive electrode. For this case, appropriate additives can be employed in order to 
obtain the same charge on the particles. Nevertheless it has been reported by (137) 
(138) (139) (140) (141), that it is also possible to deposit particles with opposite 
charge in the absence of any additive. This can be done by forming composite 
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‘’particles’’ due to electrostatic interaction between opposite surface charge or by 
absorption of one particle on the surface of the other (142). 
 
2.7.5 Modelling of the EPD Process 
 
A number of simulations have been employed to model the accumulation of charged 
particles on an electrode during electrophoretic deposition. Cordelair and Greil in 
their modelling of electrophoretic deposition processes used the discrete element 
method (DEM) to determine the particle packing and density gradient 
microstructure of the solid formed. They suggested that there were three particle 
distribution structures; stable state, flocculated and coagulated state, each shown 
schematically in Figure 2.22 (143). In the stable state the particles form a highly 
ordered deposit with maximum packing density on the electrode, Figure 2.22a. 
Formation of regions where the particles are weakly bound to each other 
characterizes the flocculated state, Figure 2.22b. Flocs accumulate at the electrode 
forming a non-uniform packing structure. The aggregation process of coagulated 
colloid cluster can be viewed as diffusion limited aggregation. Depending on the 
solid loading, large but deeply cracked clusters are generated. The maximum 
possible packing density for particles is HCP (hexagonal close packed), generally not 
achieved due to incorporation of packing defects. 
 
The modelling of electrophoretic deposition of colloidal particles has been 
conducted by Perez et al. (144). The studies provide a comprehensive view into local 
variations of particle interactions during deposition, which can be used for 
optimization of the electrophoretic method. 
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Figure 2.22: Particle distribution structures in the Nerst layer: (a) stable state, (b) 
flocculated state, and ( c) coagulated state [copy from ref. (143)]. 
 
2.7.6 Application of EPD 
 
Electrophoretic deposition is one of the techniques being used to assemble 
nanoparticles into one- , two- and three dimensional nanostructures to make them 
useful for applications such as in optoelectronic devices, high density magnetic data 
storage, microchips and biosensors. These structures can be prepared through the 
assembly of colloidal nanoparticles.  
 
The electrophoretic deposition of nanoparticles was first used by Giersig and 
Mulvaney (145) (146) to prepare ordered monolayers of gold nanoparticles for 
micropatterning. The ability to assemble gold nanoparticles as 2D and 3D arrays 
opens up new avenues for designing sensors and optoelectronic nanodevices (147) 
 
 
(a) 
 
 
 
(b) 
 
 
 (c) 
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(148) (149). Nanostructured gold films of high surface area have also potential 
applications in catalysis and photoelectrochemistry.  Prior to this, the method had 
only been used to produce 2D and 3D ordered structures of latex particles (150). 
Researchers have proved that this method can be develop into a general method to 
produce 2D and 3D structures of nanoparticles by maintaining the colloidal stability 
of the electrode/solvent interface. Bailey and co-worker have utilized the 
electrophoretic deposition technique for patterned assembly of nanoparticles as a 
sensor for volatile organic compounds (VOC) (151). Hassan et al., has deposited CdSe 
on polystyrene films spin coated on silicon wafers, forming polymer nanocrystals 
composite and heterostructures for electronic devices (152). 
 
 CdSe nanoparticles were also electrodeposited as a sensitizer in quantum dot 
sensitized solar cells (QDSSC). Brown et al. (8) has used electrophoretic deposition to 
deposit a mixture of CdSe and C60 to form a composite film for QDSSC. Smith et al. 
(9) have electrophoretically deposited CdSe nanocrystal on TiO2 substrate for use in a 
solar cell, obtaining an efficiency of ~10-6 %. Recently, Salant et al. (7) have 
fabricated a quantum dot sensitized solar cells by depositing CdSe nanocrystal by 
EPD on mesoporous TiO2 (from Degussa P25) which was also deposit by EPD, 
efficiencies as high as 20 % under the sun illumination condition was achieved. 
 
Over the years, electrophoretic deposition has gained considerable interest for 
fabrication of advanced materials. The process is simple, easy to use and a cost-
effective method of depositing, thick and thin film, layered ceramics, hybrids 
material, fiber reinforced composites as well as nanoscale assembly of 2D and 3D 
ordered structures, micropatterned thin films and quantum dot sensitized solar cells. 
 
2.7.7 EPD of CdSe Nanoparticles 
 
CdSe nanoparticle thin films have been formed using a number of methods, 
including molecular beam epitaxy (MBE), chemical vapour deposition (CVD), 
evaporation and sputtering. These methods are thermal and generally occur in 
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vacuum. Electrochemical methods for the formation of CdSe thin films include 
electrodeposition (153), co-deposition (154) (155), precipitation (156) and 
electrochemical atomic layer epitaxy (EC-ALE) (157).  
 
Recently, electrophoretic deposition has been used to assemble nanoparticles on 
electrodes to create useful nanostructures out of nanoparticles. Electrophoretically 
deposited CdSe powders on SnO2 coated glass substrate have been studied by Ueno 
and co-workers in 1983. The result shows a smooth film with a well adhered deposit 
on the glass substrate (158).  
 
The electrophorectic deposition of CdSe nanoparticles was first described by Islam 
and co-workers in 2002 (159). This paper describes an electrodeposition of 
patterned CdSe nanoparticles films on Si wafers coated with 10 nm Ti and then          
~ 150 nm Au. The work concludes that the electrophoretic deposition can be used to 
deposit nanoparticles and it is feasible to deposit nanoparticles in patterns. 
 
Islam et al. report that, in order to form a high quality electrophoretic CdSe films, 
there are two critical procedures to follow. The first procedure is the number of 
reprecipitaions of the nanoparticles from the fresh solution. The second procedure is 
the treatment of the films after electrodeposition to make the films chemically 
stable (160). The conductivity of the suspension is another key factor and needs to 
be taken in to account in depositing nanoparticles in electrophoretic deposition 
experiments. If the solvent is too conductive, particle motion is very slow, and if the 
solvent is too resistive, the particles are not charged. The effect of solvent on the 
current is illustrated by Islam et al. for the deposition of CdSe, the initial current 
between the electrodes in octane was 55 nA and in hexane was 70 nA for the same 
particle concentrations and particle size (10). 
 
The study by Jia et al. (12) on the TOPO capped CdSe electrophoretically deposited 
on gold-coated silicon, show that surface ligands play an important role in the 
electrophoretic deposition.  The removal of ligands by washing of CdSe nanocrystals 
makes the nanocrystal highly charged and hence more strongly adherent to the 
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substrate.  From this research the charging on the CdSe nanocrystal can be modified 
by the washing procedure, which will enable optimisation of the electrophoretic 
deposition process. Jia et al. also reported that the CdSe films start to crack above a 
threshold thickness due to the evaporation of residual solvent. The threshold 
thickness for cracking of the nanocrystal films increase with the size of nanocrystal 
(161). 
 
2.7.8 EPD of TiO2 Nanoparticles 
 
Numerous methods such as thermal oxidation (162), sputtering (163) (164) (165), 
spray pyrolysis (166) (167), chemical vapour deposition (168) and electrodeposition 
(169) (170) have been used to prepared TiO2 thin films. In recent years, 
electrophoretic deposition has gained increased interest for the fabrication of 
porous nonocrystalline TiO2 electrodes for solar cell.  
 
In 1994, Matthew et al. (171) used EPD to form porous nanocrystalline TiO2 
electrodes for dye-sensitized solar cells fabrication. Commercial TiO2 from Degussa 
P-25 was suspended in 2-methoxyethanol and deposited on electrically conducting 
glass by constant current electrophoretic deposition. The produced films were dried 
and annealed at 350oC or 500oC for 30 minute, they show coherent and porous films 
with a thickness of 3 – 15 m. 
 
Fujimura and Yoshikado (172) reported that high quality films without cracks can be 
obtained from ion free water of high resistance (>107 cm) without binder and 
under constant current EPD. The main problem with the water based EPD is the 
evolution of gases by the hydrolysis of water above DC voltage of about 1.4 V, which 
results in large pinholes in deposited layers, lack of film uniformity and weak 
adherence (132) (173). 
 
Around year 2002, a new highlight with dye sensitized solar cells was the fabrication 
of flexible DSSC, where TiO2 were deposited on poly(ethylene terephthalate) coated 
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with indium tin oxide (ITO-PET) (174) (175). TiO2 nanoporous films with thickness       
7 – 13 m were successfully deposited by EPD and solar to electric conversion 
efficiency of 2.0 % under illumination of white light obtained. After a post treatment 
by chemical vapour deposition of Ti alkoxide and microwave irradiation, the 
conversion efficiency increased to 4.1 % (176). 
 
In 2006, Kim et al. (177) prepared a TiO2 nanotube from commercial TiO2 (Degussa  
P-25) on FTO (Fluorine doped indium tin oxide) substrate using EPD. 10 m thick 
films of TiO2 nanotubes were sintered at 500
oC and the used for DSSC fabrication.  
The efficiency of 6.72% was obtained at 1 sun illumination. 
 
Grinis et al. (134) study on the EPD of commercial TiO2 nanoparticle (Degussa P-25 
and P-90) with small amounts of additives: iodine, acetone and water, combined 
with the mechanical compression for producing TiO2 nanoporous electrode for DSSC. 
8.5 % efficiency was achieved with DSSC prepared with 8 layers of P-90 at thickness 
of 15m followed by compression and sintering at 550oC for 2 hr. 
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Chapter 3 Experimental Techniques 
 
Chapter 3, the experimental chapter describe the experimental procedure throughout 
the thesis. The deposition procedure and characterisation technique used are 
describes in detail. 
3.1 Electrophorectic Deposition (EPD) 
3.1.1 Preparation of Electrodes 
 
For the electrophoretic deposition experiments, glass substrate coated with fluorine-
doped indium tin oxide (FTO) were used as electrodes for both anode and cathode. 
The FTO glass electrodes were purchased from Pilkington Glass, UK. They were         
60 x 10 mm aluminosilicate glass coated with FTO; the sheet resistance was between     
15 Ω/□. FTO is used in this research due to its thermally stable up to 650oC (178). 
 
3.1.2 Electrodes Cleaning Procedure 
 
Electrodes were cleaned according to the method of Islam et al. (160). The cleaning 
procedures were performed to get rid of dust particle and organic contamination on 
the FTO substrate. The cleaning procedure used was as follows: 
1) FTO coated glass electrodes were first cleaned by sonication for 30 minute in 
detergent (Teepol multi-purpose detergent)/deionized (DI) water (18.2 MΩ from 
NANOpure Diamond system) solution.  
2) This was followed by immersion in 50% acetone/50% isopropanol solution and 
sonication for 30 minute.  
3) The slides were then rinsed with DI water. 
4) Immersion in acetone and sonication for another 30 minute. 
5) Followed by rinsing with DI water. 
6) Immersed in isopropanol and sonicated for 30 minute. 
7) Lastly, rinsed with boiling DI water and dried in the oven. 
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3.1.3 Electrode Configuration 
 
Firstly, a good contact to the FTO glass coated electrodes was needed. A copper wire 
was attached to the FTO glass coated sheet by using silver conductive paint              
(RS Components Ltd.). Then a small drop of epoxy was dropped on the silver 
conductive paint to make the contact stronger. Next pairs of electrodes were placed 
at a measured separation. Then immersed in a beaker of the nanoparticles sol. The 
electrodes were separated using a small piece of glass slide with approximation 
thickness of 1 mm, if the separation gap of the electrodes was increased, more 
pieces of glass slide were used. Figure 3.1, illustrate the electrode assembly. 
 
 
 
 
Figure 3.1: Illustration of the electrodes. 
 
3.1.3.1 EPD of TOPO Capped CdSe 
 
For electrophoretic deposition of TOPO capped CdSe (suspend in toluene), DC 
voltages from 500 V up to 1000 V were applied across the electrodes at room 
temperature. Because of high voltage applied, a safety system was used such that 
the electrodes could not be handled when the system was live, see Figure 3.2. The 
safety box was put under an argon atmosphere to minimise the risk of fire. Voltages 
across the electrodes were monitored during the runs by connecting a resistor in 
series with the electrodes and measuring the potential across.  
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Figure 3.2: Electrophoretic deposition schematic diagram for TOPO capped CdSe. 
 
3.1.3.2 EPD of MUA Capped CdSe and TiO2 Nanoparticle 
 
Electrophoretic deposition of MUA capped CdSe and TiO2 used a simpler 
electrophoretic deposition set-up, which consist only of a power supply and digital 
voltmeter. The digital voltmeter was connected in parallel to the electrodes and the 
power supply, as illustrated in Figure 3.3. For co-deposition both nanoparticles were 
suspend in ethanol. As ethanol is a polar solvent only a DC voltage in the range 5V to 
20V was applied across the electrode, which is much lesser than the DC applied in 
non-polar solvents. 
 
 
 
 
 
 
Figure 3.3: Electrophoretic deposition experiment set-up for MUA capped CdSe and 
TiO2 nanoparticles. 
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3.2 Optical Properties 
 
UV visible absorption spectroscopy and photoluminescence spectroscopy are widely 
used to study the optical properties of the semiconductor nanomaterials. The 
spectroscopic experiments rely on the fact that the energy can only be absorbed or 
emitted by semiconductor nanoparticles in discrete amounts. An absorption 
phenomenon is a process leading to the transition of an electron from the valence 
band to the higher conduction band through interaction of the nanoparticles with an 
electromagnetic field such as light. Another phenomenon is called fluorescence. This 
happens when the electron in an excited state returns to the ground state releasing 
energy by emission of electromagnetic radiation. These two phenomena are 
illustrated in Figure 3.4.  
 
 
                                                                                               
                                             
                                                                   
 
 
Figure 3.4: Spectroscopic transition between discrete energy level, (a) absorption (b) 
and (c) emission of electromagnetic spectrum (d) emission of heat or vibration and 
rotation of electron. Note that shorter wavelength radiation is emitted when the 
energy change is large [modified from ref. (179)].  
 
3.2.1 UV Visible Spectroscopy  
 
UV visible spectroscopy was performed using Perkin Elmer model Lambda Bio 10 
spectrometer, with spectral resolution of 2 nm. Suspensions were placed in quartz 
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cells of pathlength 10 mm. Before each spectrum was measured, a blank or 
background was recorded using the same solvent as to that of the nanoparticle 
solution.  
The material under examination was positioned between light source and detector. 
The intensity of transmitted light passing through the sample (I), is compared to the 
incident light (Io) (see Figure 3.5) and gives the absorbance (A): 
     
  
 
 3.1 
 
 
 
 
 
 
Figure 3.5: Schematic diagram of light intensity change of sample by absorption 
process. 
 
A plot of absorbance (A) as a function of wavelength ( ) in the spectrum of interest 
is obtained from the measurement, which reflects the electronic properties of the 
sample. 
 
UV Vis spectroscopy is also used to approximate the film thickness of TOPO CdSe 
deposition. The film thickness was calculated using the formula given below: 
      3.2 
 
where A= absorption peak, =extinction coefficient for surface layer of particles                         
(εT= ε(100/10
3)), Г=maximum surface concentration and n= numbers of layers. From 
() o() 
Sample in cuvette 
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the equation (3.2), an n value can be obtained and substituted it in equation 3.3 to 
calculate the film thickness, t (nm). 
       3.3 
 
Here, D is the diameter of the CdSe nanoparticles in the solution used for the 
deposition. 
 
3.2.2 Photoluminescence (PL) Spectroscopy 
 
The photoluminescence spectra of CdSe nanoparticles were recorded using Photon 
Technology International (PTI) Fluorescence Instrument. Figure 3.6 is a schematic of 
the photoluminescence spectroscopy layout used in this research.  
 
The photoluminescence spectra were measured by placing the CdSe nanoparticles 
solution into 1 cm quartz cell. The sol is illuminated with monochromatic light from a 
Ushio model UXL 75W Xenon compact arc lamp, used in conjunction with a LPS-220B 
PTI lamp power supply, passed through a computer controlled monochormator (PTI 
model 101M) of 4 nm resolution. High-grade quartz lenses are used to focus the 
excitation beam on the sample and to collect emitted light at 90o. Light emitted from 
the sample is dispersed by another monochomator (same model as above) and 
detected by photon-counting photomultiplier detector from PTI (model 814). The 
intensity of the fluorescence was recorded as counts, this value along with the 
wavelength at which it was recorded were sent to a computer and plotted with 
Felix32 software. For the CdSe nanoparticles the emission was recorded between 
350-650nm with the excitation of 340 nm and integration time of 0.1 seconds. 
 
 
 81 
 
 
 
 
 
 
 
 
Figure 3.6: Schematic illustration of a typical PL spectroscopy [modified from ref. 
(180)]. 
3.3 Transmission Electron Microscopy (TEM)1 
 
In this research, TEM was used to characterise nanomaterial, specifically to gain 
information about particle size and crystallinity of TiO2 and CdSe nanoparticles. Since 
all the sample were synthesised in colloid solution, a drop of the suspension was 
take and placed onto a carbon coated copper TEM grid. The specimens were allowed 
to dry and after drying the deposit was analysed with JEOL 2010 TEM fitted with 
energy dispersive spectroscopy (EDS) from Oxford Instruments INCA. The EDS is used 
to determine the elements present and their distribution through the cross-section. 
 
The TEM was also used to gain information on the cross sections of electrophoretic 
layers of CdSe on TiO2/FTO. In this measurement focused ion beam milling was used 
to prepare thin TEM membranes. 
                                                 
1
 The experiments were carried out with extensive assistance of Dr M. Ardakani (Imperial College 
London) 
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3.3.1 Focus Ion Beam (FIB)2 
 
The FIB milling was carried out using the Dual Beam Helios 600 Nanolab from FEI 
Company. The samples were first coated with chromium to prevent charging during 
the milling.  Lift-out methods was employed to prepare the thin TEM membrane for 
the study of the cross-section of CdSe on TiO2/FTO. In the lift-out method after the 
milling process, the thin TEM membrane was picked up from the bulk sample by a 
micromanipulator and placed on a Cu TEM grid. Then Cu grid was loaded in the TEM 
instrument for analysis.  
3.4 Scanning Electron Microscopy1  
 
As in TEM, scanning electron microscope (SEM) also involves the acceleration of 
electrons, which are then focused on to a sample. One major difference between 
TEM and SEM is that TEM detects electrons that are transmitted and SEM detects 
electrons were reflected. Both provide information on the morphology and 
composition of the sample. 
 
A Gemini LEO 1525 Fields Emission Gun Scanning Electron Microscopy (FEG-SEM) 
was employed for high resolution imaging of the nanostructured TiO2 plus CdSe 
layers deposited using electrophoretic technique. Before analysis of the TiO2 
samples, they were coated with chromium for 1 min applying a current of 75 mA 
using Emitech K575X (Quorum Technologies Ltd. East Sussex, United Kingdom) thus 
obtaining a thickness of ~15 nm. As for nanostructures of CdSe no coating was 
needed, since the CdSe layers were conductive. The x-ray analysis was performed 
with Oxford Instruments INCA energy dispersive spectroscopy that is fitted to the 
FEG-SEM, in order to determine the elements present in the nanostructure. 
                                                 
2
 The experiments were carried out with extensive assistance of Mrs Ecatarina Ware (Imperial College 
London) 
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3.5 X-Ray Diffraction (XRD) 
 
X-ray diffraction is a powerful and routine technique for determining the structure of 
crystalline material (181) (182) (28).The phase of the material can be identified by 
examining the diffraction pattern provided from the XRD.  
 
In this research a PANalylatical X’Pert Pro operated at 40 kV and 40 mA with Cu K 
radiation x-ray source (wavelength = 1.5406 nm) was used to obtain XRD data and 
hence determine the crystallinity and particle size of the TiO2 nanoparticle. For TiO2 
nanoparticles the XRD patterns was scanned from 20° to 75° with step size of 0.03° 
and 30 s per step. For the TiO2 deposited on FTO after sintering between            
150°C-550°C, the XRD pattern were collected between 20° to 30° with a step size of 
0.01° and 60 s per step.   
 
In order to identify the compound from the peaks obtained, X-Pert High Score 
programs from PANalytical © were employed. The width of the diffraction lines are 
related to the size and size distribution of the nanoparticles. The line width is 
broadened, as the size of nanoparticles decreased. The XRD line width can be used 
to estimate the size of the particles by using Debye-Scherrer formula: 
 
  
    
     
 3.4 
 
where D is the nanoparticle diameter,  is the wavelength of x-ray,  is the full width 
half maximum (FWHM) of the peak in radians, and  is the Bragg angle. The FWHM 
of the peaks was measured using X-Pert data viewer programs (PANalytical ©) and 
Philips Profit 1.0. 
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3.5 White Light Interferometer (Zygo®) 
 
In this research Zygo® New View white light microscope-based interferometer with 
MetroPro software was employed to measure the thickness of TiO2 and MUA capped 
CdSe layers on FTO deposited by electrophoretic deposition (Figure 3.7). In order to 
get suitable area a x2.5 Mich objective with magnification of x 2.5 (1 zoom x 2.5 lens) 
was used. In this configuration an area of 5 mm x 5 mm was analysed.  Peak to valley 
(PV) values were used to determine the thickness of the sample. PV is the height 
between the lowest and the highest point on the test surface relative to the 
reference surface (Figure 3.8). In this case the highest part is the coating layer and 
the lowest part is the substrate. Three different parts of the sample were measured 
at a step edge between the coating and substrate. An average value of the entire 
surface was obtained and the corresponding standard deviations were calculated. 
 
 
Figure 3.7: Schematic representation of Zygo® Interferometer [Copy from ref. (183)] 
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Figure 3.8: Schematic diagram of peak to valley (PV) measurement on a sample. 
 
3.6 Inductive Couple Plasma-Optical Emission 
Spectroscopy (ICP-OES) 
 
Inductive couple plasma optical emission spectroscopy (ICP-OES) was performed in 
order to determine the Cd/Se and Cd/P ratios of the CdSe nanoparticle after the 
washing procedure. An ICP spectrometer model iCAP 6000 Series from Thermo 
Scientific, UK was used to carry out the ICP measurement. The samples were first 
dissolved in hydrochloride acids (HCl) before the measurement. Analysis was 
conducted using a portion of test solution vs. certificated calibration standard from 
TraceSELECT®Ultra Aldrich. 
3.7 Zeta Potential Measurement  
 
In this research, zeta potential measurement were carried out using ZetaPALS (PALS 
acronym for phase analysis light scattering) –zeta potential analyser from 
Brookhaven Instrument Corporation, U.S.A. The purpose of this measurement in this 
research was to confirm the charge of the nanoparticles used for electrophoretic 
deposition, shown by the sign of the zeta potential. Nanoparticles are suspend in 
ethanol have a charge on the surface either by the ionisation of carboxyl surface 
group CdSe or by adsorption of ions from the solution. If an electric field is applied 
on these colloidal nanoparticles, the charged particles will move towards either the 
positive or negative electrode of the applied field. To measure the zeta potential, a 
laser beam is passes through the sample. The phase analysis light scattering is used 
 
PV 
FTO 
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to measure of the velocity of the moving particle via scattering of the laser light. The 
velocity measured, VS, is the product of electrophoretic mobility, e and the electric 
field applied, E. 
       3.5 
 
In general, zeta potential, , can be calculated by the following equation (184): 
   
   
  
 (  ) 3.6 
 
Where,  is zeta potential (mV),  is the dielectric constant of the solvent,  is the 
viscosity and f(a) is a model dependent function. For small particles, with the thick 
double layer than radius of particle (a <<1/), the electrophoretic mobility is given by 
Hückel limit, f(a) =1.0: 
   
   
  
 3.7 
 
When double layer is thin than the radius of the particle (a>>1/), the 
electrophoretic mobility is given by Smoluchowski limit, f(a) =1.5.  
   
  
 
 3.8 
 
Usually, zeta potential, , is expressed in SI units millivolts (mV) (185). 
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Figure 3.9: Schematic of ZetaPALS instrument [redrawn from ref. (185)]. 
 
All the zeta potential measurements were carried out in an acrylic cuvette. About   
1.5 ml colloidal solution samples (CdSe, TiO2 and TiO2-CdSe mixture) were placed in 
the cuvette, and carefully fitted with a Pt electrode pair separated by 2 mm. The 
samples were irradiated with 660 nm solid state red laser. The number of run was 
set to 6 with 20 cycles per run so that an average of data can be calculated. 
3.8 Photocurrent Spectroscopy 
 
When light is incident on a semiconductor, it leads to the formation of electron-hole 
pairs. Separation of the electron-hole pair yields a photocurrent. Photocurrent 
spectroscopy measures the electrical response of the system over range of 
illumination wavelengths. In this research the photocurrent spectroscopy is used to 
measure the incident photon-to-current efficiency (IPCE) of the nanostructured 
electrodes.  
Basically there are three steps involved in photocurrent measurements: 
1. Absorption of light and generation of carriers (electron and hole) 
2. Transport of  the generated carriers 
3. Collection of the carriers. 
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In the first step, when light with greater energy than the bandgap illuminates the 
semiconductor nanoparticle, light is absorbed. This electron-hole pair can either 
recombine to the ground state or the charge can be separated. The second step 
involves the transfer of the conduction band electron of the semiconductor 
nanoparticles to a conducting substrate. The transfer only happens if the conducting 
substrate Fermi level is below the conduction band of the semiconductor 
nanoparticles, a positive bias across the substrate interface promotes transfer. The 
photogenerated hole in the valence band must also transport away from the 
nanoparticles, in the opposite direction to the electron. The most effective way to 
transfer this is by use of an efficient hole scavenger in the electrolyte. A schematic 
diagram of the photocurrent mechanism is shown in the Figure 3.19. The removal of 
the photogenerated hole by the hole scavenger is much faster than that of 
recombination. This should prevent the hole from becoming trapped at the surface, 
which could lead to the photocorrosion of the nanoparticles (186). Combinations of 
all the processes produce a photoelectrochemical current or photocurrent.  
 
 
 
 
 
 
 
 
Figure 3.10: Schematic diagram of semiconductor on conducting  substrate in 
contact with electrolyte solution showing (1) photoexcitation of electron under 
illumination with light of greater energy than the bandgap energy Eg(2a) is the 
electron is injected into conducting substrate (2b) hole is transferred to a hole 
scavenger (SH) 
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3.8.1 Photocurrent Measurement Apparatus 
 
A 75 W Xenon short arc lamp house in a LPS-220B Photon Technology International 
lamp power supply was used as a light source in the UV/visible range. The incident 
wavelength was selected using a monochromator Photon Technology International 
with 3 nm spectral resolution. A mechanical chopper was used to chop the light at an 
appropriate square wave frequency, OC4000 Photon Technology International 
optical chopper.  The chopped light was then focused onto the working electrode 
using a silica lenses. The cell voltage was controlled and the current measure by        
in-house built potentiostat. In order to record the small photocurrents produced at 
the working electrode, the potentiostat was connected to a SR830DSP Standford 
Research System Lock-in Amplifier. A lock in amplifier normally can measure 
alternating current signal as low as femto-amperes by eliminating noise which can 
hinder measurement.  Both the monochromator and lock in amplifier are connected 
to a computer in order to control and customize the measurement. The 
photocurrent data as a function of incident wavelength is recorded using in-house 
written software. 
 
 
      
 
 
 
 
 
Figure 3.11: Experimental arrangement for photocurrent spectroscopy. 
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3.8.2 The Electrochemical Cells 
 
A three-electrode electrochemical cell was used for the photocurrent 
measurements. The electrochemical cell was fabricated from glass with a defined 
window of 1 cm diameter in the middle of the cell. A silica plate (2.0 cm X 2.0 cm X 
0.1 cm thick) was used to cover the window in the face of the cell, which allowed the 
wavelength in the range of 300 nm to 900 nm to pass through the cell. 
 
Figure 3.12 is a schematic diagram of the electrochemical cell employed. A          
three-electrode cell consists of a working, a counter and a reference electrode. The 
working electrode (WE) was a layer or layers of semiconductor nanoparticles 
deposited on a FTO substrate by electrophoretic deposition. Silver  silver chloride 
(AgAgCl) in 3 mol dm-3 potassium chloride (KCl) from CH Instruments Inc. was used 
as a reference electrode (RE). The standard potential, Eo, for AgAgCl redox couple at 
298 K is + 0.22 V relative to the normal hydrogen electrode (NHE) (187). The counter 
electrode (CE) was made from a curled platinum mesh attached by spot welding to a 
platinum wire with a glass tube were used to hold the electrode. This counter 
electrode was designed to the same diameter as the reference electrode. Aqueous   
1 mol dm-3 sodium sulfite (Na2SO3) of original pH 10.3 was used as an electrolyte 
during the experiments. This electrolyte pH was adjusted to pH 12 by adding NaOH 
and NaHPO4, and to pH 7 by adding concentrated (98 %) sulfuric acid. 
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Figure 3.12 show the schematic diagram of the electrochemical cell in the 
experiment condition. 
 
3.8.3 Calibration 
 
Before the photocurrent can be measured, it is essential to measure the intensity of 
the Xe lamp over the UV/visible range. This is because the overall lamp intensity, 
alignment and area of illumination are likely to be change from one experiment to 
another. This incident light intensity can be measured using a calibrated silicon 
photodiode with known photon to electron conversion efficiency. The set-up for the 
photocurrent measurement of the photodiode is show in Figure 3.13.  
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Figure 3.13: Experimental arrangement of the photodiode lamp calibration for 
photocurrent spectroscopy. 
 
3.8.4 Calculation of the IPCE (Incident Photon-to-Current 
Efficiency) 
 
The recorded photocurrent on the working electrode can be converted into incident 
photon-to-current efficiency (IPCE) by a ratio of the number of electrons successfully 
converted into photocurrent, Jcell, to the number of photons incident from the lamp, 
IPh, which obtained from the calibration of the incident light, which produce as 
follows:  
      
     
   
 3.9 
 
where      is the efficiency of a cell. 
The photocurrent measure from the photodiode is given by: 
            3.10 
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Assuming that the incident photon flux is constant between experiments and the 
photodiode efficiency a known quantity. The IPCE can be calculated from the cell and 
the photodiode as follows: 
   
   
 
     
     
 3.11 
  
           
         
   
 3.12 
 
The IPCE was calculated for each wavelength measure and data plotted as an IPCE 
vs. wavelength.  
 
3.8.5 Band Gap Calculation from IPCE 
 
The band gap of the nanomaterial can be calculated by using the relationship 
between the absorption coefficient, , and photon energy, h, as followed: 
     (      )
    3.13 
 
where A is proportionally constant and y is a constant that varies with type of band 
gap of the material, for indirect band gap, y=2 and if a direct band gap, y=1/2. In the 
case of direct band gap, y=2, rearranged equation 3.13, gives: 
     (      )
    3.14 
 
Hence by plotting (E)2 vs. E, the value of E and extrapolation to =0 gives the 
absorption energy, which corresponds to the band gap, Eg.  
Assuming the probability of electron-hole separation is independent of the 
wavelength of light for photocarrier generation: 
(    )    (      )
    3.15 
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Chapter 4 Synthesis of the 
Nanoparticles 
 
Chapter 4 will focus on the synthesis and characterisation of the TOPO 
(trioctylphosphine oxide) capped CdSe, MUA (mercaptoundeconic acids) capped CdSe 
and crystallite TiO2 nanoparticles. 
4.1 Synthesis of CdSe Nanoparticles 
 
4.1.1   Chemicals 
 
Trioctylphosphine oxide (TOPO, 99%), trioctylphosphine (TOP, (90%), 
hexadecylamine (HDA, 90%) and selenium powder (99.999%) were purchased from 
Sigma-Aldrich. Cadmium acetate (Cd(Ac)2), 99.99%) were purchased from Chempur. 
Tetradecylphosphonic acid (TDPA, 98%) was purchased from Alfa Aesar. Methanol, 
ethanol, toluene and hexane were purchased from VWR. Ethyl acetate and diethyl 
ether were purchaced from Fisher Scientific. All chemicals were used as received. 
 
4.1.2 Synthesis of TOPO Capped CdSe Nanoparticles 
 
CdSe nanoparticles with tunable size between ~ 2.7 to 4.8 nm diameter capped by 
trioctylphosphine oxide (TOPO) and trioctylphosphine (TOP) were synthesized by the       
one-pot hot injection technique of Talapin and co-workers (41). Cadmium acetate in 
trioctylphosphine (TOPCd) and selenium powder in trioctylphosphine (TOPSe) were 
injected into a hot bath of TOPO at 3000C, as shown in Figure 4.1. The injection of 
the organometallic reagents into the hot coordinating solvent induces a short burst 
of nucleation, and the subsequent growth by aging at slightly lower temperature 
generates CdSe nanoparticles.  
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Figure 4.1: Hot-injection method for the synthesis of monodisperse nanoparticles. 
 
 
8.0 g of  TOPO, 5.0 g of hexadecylamine (HDA), and 0.15 g of tetradecylphosphine 
acid (TDPA) were mixed in a the three necked flask (Figure 4.2). The mixture was 
dried and degassed under vacuum at 1100C for 1 hr 30 minute with periodical 
flushing of argon. After 90 minute the flask was placed under an Ar atmosphere and 
at 1100C a TOPSe stock solution, prepared in a dry box by dissolving 0.158 g of Se 
powder in   2.0 ml TOP, was injected into the flask. The temperature was then raised 
up to 3000C. A TOPCd stock solution prepared in a dry box by adding 0.120g of 
cadmium acetate to 3 ml of TOP, was rapidly injected into the mixture under 
vigorous stirring, resulting in a yellow/orange solution. Injection was accompanied 
by an immediate decrease in temperature to ~ 2600C. Particle growth from the 
initially formed nuclei was continued at 2600C. When the required size was achieved, 
the flask was removed from the heater and the reaction was quenched in toluene. 
This cooling in toluene causes much of the excess TOPO to crystallize. The excess 
capping agents were removed by precipitating the CdSe particles in methanol, 
centrifugation at 5500 rpm for 10 minute and resuspension in toluene. The first 
optical measurements were carried out after this initial precipitation. 
 
 
 
Ar 
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Figure 4.2: Schematic diagram of experimental set-up for the CdSe nanoparticles 
synthesis. A three neck flask is placed in a heating mantle and fitted with 
thermocouple, a condenser, and a rubber septum by which precursor is injected 
from syringe. Argon purge periodically from the top bump traps, through the three 
neck flask. 
 
4.1.3 Optical Properties of the TOPO Capped CdSe 
 
UV visible spectra of the CdSe nanoparticle sols were recorded on a Perkin Elmer 
model Lambda Bio10 spectrometer. The CdSe nanoparticle sol in toluene was placed 
in a 1 cm quartz cuvette, toluene was used as a reference for the baseline correction 
of the optical measurement. The absorbance was measured every 2 nm and the 
spectral resolution was    1 nm. The wavelength of the first absorption maximum was 
used to calculate the molar particle extinction coefficients using data in reference 
(188). The concentration unit dots cm-3, of the CdSe nanoparticles solution was 
calculated from the absorbance using Beer-Lambert Law: 
  
    
      
 4.1 
 
where A=absorbance, C=concentration (dots cm-3) of absorbing substance, ε=molar 
extinction coefficient (L mol-1 cm-1) obtained from Peng et al. (189), l=thickness of 
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absorbing layer/size of cuvettes and  NA= Avogadro’s numbers. The average 
diameter of the particle was calculated from the first absorption peak using the 
empirical formula developed by Peng et al. (189). 
 
  (            )   (           )    
(           )   (      )        
4.2 
 
where D is the average diameter (nm)  of the CdSe nanoparticles and λ is the 
wavelength (nm) of the absorption peak. 
 
4.1.3.1 The Effect of the HDA and TDPA to the Synthesis of CdSe 
Nanoparticles 
 
 
The work from Talapin and co-workers on the one-pot injection technique to 
synthesise CdSe nanoparticles has been adapted in this research, to yield particles 
better suited to electrophoretic deposition (41).   
 
Islam et al. do not use HDA and TDPA in their synthesis for producing CdSe 
nanoparticles for electrophoretic deposition (190). Talapin et al. claim that TDPA and 
HDA are essential components in the synthesis of high quality particles (41). It is 
reported that HDA provides resistance to Ostwald ripening and keeps the particle 
size distribution below 10%. Addition of TDPA to the HDA-TOPO-TOP stabilizing 
agent is claimed to improve crystallinity and also improve the size distribution. To 
analyse the importance of these additives the synthesis of CdSe nanoparticles with 
and without TDPA and HDA were performed.  
 
In preliminary experiments, CdSe nanoparticles were prepared without the TDPA 
and HDA. Under the UV light, particles grown for a short time (1-5 minute) fluoresce 
green/yellow, whereas particles grown for longer (15–22 minute) fluoresce 
red/orange. Figure 4.3 shows the evolution of the optical spectrum with growth time 
for the CdSe nanoparticles obtained as a result of different quenching times,               
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1 minute, 10 minute and 20 minute. Figure 4.4 shows the wavelength of the first 
absorbance peak at different growth times, the absorbance maxima shifts to longer 
wavelength with increase of growth time indicating increasing diameter of CdSe 
nanoparticle during the heat treatment. The relation between time and the 
wavelength of the maximum absorption is shown in Figure 4.4. According to 
Bawendi et al. the rate of a particle growth depends on the reheating temperature 
after TOPCd is injected into the hot reaction pot that contains TOPO/TOPSe (17).        
In this experiment the temperature after the injection of the TOPCd was maintain at 
2600C. The absorbance maxima indicate the particles formed have average diameter 
in the range 2.8 nm to 3.2 nm. Figure 4.3 displays broad absorbance spectra. Such 
spectra are commonly attributed to broadening of the particle size distribution.  
Figure 4.4 indicates the particle growth with time is slow, shown by the small size 
differences between particles quenched at short time and longer time. This is due 
the use of cadmium acetate as precursor in this experiment. As reported by Talapin 
et al., after nucleation most of cadmium acetate is still unreacted (41). Extending the 
growth time under heating 260oC, the nucleated nanoparticle will grow and 
consume the cadmium precursors from the surrounding solution. 
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Figure 4.3: Room temperature optical absorption spectra of CdSe nanoparticles 
dispersed in toluene. The spectra were recorded at 1 minute, 10 minute and            
20 minute. 
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Figure 4.4: Absorption peak for quenching time 1 minute to 22 minute for CdSe 
nanoparticles prepared without TDPA and HDA, dispersed in toluene. 
 
Figure 4.5 shows, CdSe nanoparticles prepared using different growth time in the 
presence of TPDA and HDA. The graph in Figure 4.5 shows the absorption peak of 
colloidal CdSe nanoparticles of different sizes. The absorption peaks of 
green/yellow/orange/red CdSe nanoparticles for quenching times of 
0.5/1.0/2.0/3.0/9.0 minute are plotted. The peak wavelengths of 
528/538/559/572/581 nm correspond to particle sizes of 2.67/2.82/3.24/3.57/3.85 
nm respectively. The increased sharpness of the first absorption peak relation to 
Figure 4.5 indicates a narrow size distribution showing the importance of the          
co-solvents TDPA and HDA in the preparation of the CdSe nanoparticles.  
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Figure 4.5: UV visible absorption spectra of yellow/green/orange/orange-red/red of 
fluorescent CdSe nanoparticles of diameters 2.67/2.82/3.24/3.57/3.85 nm. 
 
In addition, Figure 4.6 displays absorption peak wavelengths for different quenching 
time of CdSe nanoparticles prepared with TDPA and HDA. This figure shows that the 
growth rate is linear for quenching times 30 seconds to 6 minute and stable from 6 
minute up to 20 minute. The shape of the graph shows that only some of the 
precursors (TOPCd) being used in the first 6 minutes. Talapin et al. reported that only 
20 % of Cd precursors were used after the nucleation (41). On prolonged heating of 
the mixture new particles will grow from the unreacted Cd precursor. Addition of 
TDPA will slow the nanoparticles growth, narrowing the size distribution of the 
nanoparticles. The surface bound HDA on the nanoparticles provides lower overall 
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energy to the nanoparticles, which provides resistance to Ostwald ripening and 
prevents the nanoparticles from aggregating (191) (192).  
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Figure 4.6: Absorption peak for quenching time 0.5 minute to 20 minute for CdSe 
nanoparticles prepared with TDPA and HDA, dispersed in toluene. 
4.2 Purification of CdSe Nanoparticles Solution by 
Repeated Precipitation 
 
Purification of CdSe nanoparticles solution is an important step before these solution 
can be used in electrophoretic deposition. The fresh solution after the preparation is 
not pure; there are some excess free ligands in the solution such as TOPO, cadmium 
acetate, selenium, HDA and TDPA unbound to the nanoparticles (193) and also 
impurities from the solvent. The purification process of the fresh solution involves 
addition of approximately 25 ml methanol to 5 ml of the fresh solution to drive 
particle flocculation, followed by centrifugation of the solution at 5500 rpm for       
10 minute. In this process CdSe quantum dots precipitate to the bottom of the 
centrifuge tube leaving a clear solution (supernatant). The supernatant was removed 
and approximately 5 ml of toluene was added to the CdSe powders to resuspended 
the particles in toluene. This procedure is referred as 1x treatment. Repetition of the 
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redissolution / reprecipitation process was continued for 2x and 3x. The resultant 
suspensions were stable for extended periods of time, more than one week. Further 
washing, e.g. 5x, resulted in a suspension that was unstable, the CdSe sedimenting 
out in approximately 2 days. This suggests the loss of stabilizing agent from the 
particles surface with excess washing. Sedimentation of CdSe after only a few times 
washes was observed when the washing procedure took place a few months after 
synthesis of the nanoparticles.  
 
4.2.1 Optical Properties of Washed CdSe  
 
Figure 4.7 presents the absorption and photoluminescence spectra for original, 1x, 
2x, 3x, 4x and 5x treated solution. All the samples used for the absorption and 
photoluminescence measurement were at the same concentration ca. 6.0 x 1020 dots 
cm-3 with the particle size of 3.26 nm. In the absorption spectra the peak observed at 
ca. 560 nm corresponding to absorption at the first exciton does not shift indicating 
the size of the particles does not change during the washing procedure. It is noticed 
that 0x and 1x wash exhibited a sharp and narrow absorption peak at 414 nm. This 
absorption peak has been explained in the literature by invoking ‘’magic saized 
nanocrystals’’. The term ‘’magic size’’ is used to describe extremely stable ‘sizes’ of 
nanocrystals that are observed during growth (188) (194). Such crystals are believed 
to have a thermodynamically stable, unique structure which is resistant to growth 
and exhibits an extremely narrow size distribution (195). These ‘’ magic sized’’ 
nanoclusters  has been seen at 285 nm and 349 nm by Peng et al. at the early stage 
of nanocrystal growth (188). El-Sayed et al. have also shown that ‘’magic saized 
nanocrystals’’ are produce when butylamine is added to a nanocrystal solution (194). 
This was attributed to the butylamine etching the nanocrystals until a stable size is 
obtained. These sharp absorption peaks also appeared in the presence of 
hexadecylamine but the intensity was reduced greatly in comparison to those 
observed with butylamine. It is suggested that the energy released by the binding of 
these ligands is large enough to induce the breaking of the Cd-Se bonds, necessary 
for reorganization, but not so large as to destroy or dissolve the nanoparticles. After 
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1x wash the absorption peak for the small nanocrystal disappear. During the washing 
procedure, the largest nanoparticles in the sample exhibit the greatest attractive van 
der Waals forces and tend to aggregate before the small particles. The aggregates 
consisting of the largest nanoparticles are separated by centrifugation and 
resuspended in solvent. On washing, the smaller nanoparticles remain dispersed in 
the methanol supernatant and discarded during the purification step. The 
fluctuations in the absorbance seen at shorter wavelengths for 5x washed particles 
are believed to be due to the aggregation of the nanoparticles (see Figure 4.7a). 
From long term observation, the extensively purified solution (5x wash) CdSe 
nanoparticles can exhibit a spontaneous precipitation, while the other solutions (1x, 
2x, 3x and 4x wash) with similar concentration remain stable for more than 7 days. 
This shows that after 5x washes of the CdSe nanoparticles large number of ligands 
has been removed, as reported by Kalyuzhny et al. (196). 
 
Figure 4.7b show the changes observed in photoluminescence spectra on 
purification of CdSe.  As the purification proceeds, the PL maxima peaks shift slightly 
from 574 nm to 570 nm but no optically active surface traps were introduced, as 
reported by previous study by Kalyuzhny et al. (196). 
 
The highest PL intensity is observed for unpurified nanoparticles and significantly 
decreases with wash cycles. The drop in the intensity after the washing step may 
have two possible cause (i) ligand loss and replacement by methanol molecules (196) 
(197) (ii) loss of the smallest nanoparticles during the purification procedure. The 
losses of the small nanoparticles have being shown in the UV Vis absorption spectra. 
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Figure 4.7: Absorption and photoluminescence spectra for 1x, 2x, 3x, 4x, 5x and fresh 
TOPO capped CdSe nanoparticles solution. 
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4.2.2 TEM  
 
The optical spectra from Figure 4.7 show the CdSe before and after several 
purifications showed almost no shift in the PL maxima peak and absorption peak. 
TEM was also performed on these samples. Total number of 150 nanoparticles for 
each sample was analysed in determining the mean diameter of the particles, shown 
in histograms provided. Figure 4.8 displays the TEM micrographs of unpurified CdSe 
and 1x wash through to 5x washes. The TEM images demonstrate obvious changes in 
the nanoparticles’ tendency to aggregate with purifications. Before purification the 
nanoparticles can be found on the TEM grid well separated by their initial ligand 
shell (Figure 4.8a). After removal of the ligand the size of particles does not change 
substaintially with the mean diameter remaining in the range of 3.6 nm to 4.0 nm.  
The mean diameter of 0x wash is ca. 4.0 nm. After washing 1x, the mean diameter is 
reduced to 3.6 nm, due to loss of some atoms on the CdSe surface. This is consistent 
with the shift in the PL peak after the first wash.  After 2x, 3x, 4x and 5x wash the 
mean diameter increases back to 4.0 nm. Their tendency to form aggregates on the 
TEM grid increases with the number of subsequent purification step (Figure 4.8 b-f). 
This aggregation may due the thinner and weaker ligand shell following the washing 
steps. 
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(b) CdSe 1x wash  
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(c) CdSe 2x wash  
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(d) CdSe 3x wash  
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(e) CdSe 4x wash  
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(f) CdSe 5x wash  
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Figure 4.8 TEM images of TOPO capped CdSe nanoparticles before (a) and after 1x 
wash (b) 2x wash (c) 3x wash (d) 4x wash (e) 5x wash (f). [Magnification X100K] 
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4.2.3 ICP 
 
In this research inductively couple plasma optical emission spectroscopy (ICP-OES) 
was used to quantitatively analyse the elements in solution after each wash cycle. 
Samples were prepared by adding about 4.0 µM of CdSe resuspended in toluene 
from each sample 0x wash through 5x wash into a glass vial. Then 1 ml of 37 % of HCl 
was added to each vial and the sample allowed to dissolve overnight. Prior to the 
measurement a further 5 ml of 10% HCl was added. All samples were prepared at 
room temperature. The instrument was calibrated for Se with the ICP standard 
solution purchased from TraceSELECT®Ultra Aldrich with phosphoric acid (1000 mg/L 
P in H2O), Se (1000 mg/L Se in 2 % HNO3). For Cd 1000 ppm standard solutions were 
prepared in the laboratory from Cd salts. Results obtain from the measurement were 
used to determine Cd/Se and Cd/P ratios. 
 
Table 4.1, shows the value measured from the ICP-OES of Cd/Se and Cd/P. From the 
literature the elemental ratios of Cd/Se in CdSe nanoparticles range from 1:1 to 6.5:1 
(193) (198). In this work, at the 0x wash or unpurified TOPO capped CdSe show a 
very low ratio of Cd to Se ~ 0.10, suggesting that Se is in excess. As unwashed TOPO 
capped CdSe, the excess Se is from unreacted selenium.  In the following discussion 
the data from 0x washes is excluded. The values obtained from the ICP-OES through 
1x wash to 5x wash demonstrate that the Cd/Se ratio is increasing as number of 
wash increase, which indicates that the washing procedures removes Se in 
preference to Cd. 
 
The ICP-OES measurement of P displayed in Table 4.1, shows the total amount of P 
remains stable throughout the washing procedures including the unpurified CdSe 
solution. A very high amount of P was expected in the unpurified CdSe due to the 
free unbound TOPO ligands. This may possibly due to the excess TOPO formed a 
clear layer after addition of HCl. Which potentially leaving only the P present in the 
ligand bound to the CdSe surface, to be detected in ICP-OES measurements. 
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Table 4.1: Ratios Cd/Se and Cd/P in 2.8nm CdSe quantum dots a measured by ICP. 
No. of wash + 
particle size 
Cd (ppm) Se (ppm) P (ppm) Cd/Se Cd/P 
0x 2.8nm 60 597 6 0.10 10.00 
1x 2.8nm 1049 1269 8 0.83 131.13 
2x 2.8nm 1418 1655 6 0.86 236.33 
3x 2.8nm 1750 1749 10 1.00 175.00 
4x 2.8nm 2008 1488 7 1.35 286.86 
5x 2.8nm 2614 1654 9 1.58 290.44 
 
4.3 Ligand Exchange 
 
Stabilizing agents must be present during growth to prevent aggregation and 
precipitation of the nanoparticles. When stabilizing molecules are attached to the 
nanoparticles surface as a monolayer they are referred to as capping group. These 
capping groups are used to prevent oxidation and stabilise nanoparticles in solution. 
The structure of the ligand consists of head group that ‘’sticks’’ to the nanoparticles 
surface via covalent bonding or electrostatic attraction and a tail group which points 
away from the nanoparticle surface, extending into the surrounding liquid medium. 
This tail is important because its polar/nonpolar nature determines the nanoparticle 
solubility within the surrounding organic or aqueous media. For chemically 
synthesized nanoparticles made by the hot injection technique, their primary 
solubility will be within organic solvents, but nanoparticles surface can be modified 
by ligand exchange. For example, organic (hydrophobic) ligands on NPs surface can 
be replaced with hydrophilic ligands in order to make the NP soluble in polar or 
aqueous media. In practice, the best way to replace nearly all the nanoparticle 
surface ligands is to expose the nanoparticle to an excess of new ligand group and 
gently heat this solution to aid the ligand exchange, followed by precipitation to 
isolate the partially exchanged nanoparticles. In this research, method from           
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Peng et al. (199) for the ligand exchange from trioctylphosphine oxide (TOPO) 
capped CdSe to mercaptoundecanoic acid (MUA) capped CdSe is employed. 
 
4.3.1 MUA Capped CdSe nanoparticles by  Peng et al. (199) 
 
About 20 mg of MUA and 15 ml of methanol were placed in a reaction flask, and the 
pH of the solution was adjusted to > 10.3 with tetramethylammonium hydroxide 
(TMAH). Solutions of concentrations ~1015 dots cm-3 of CdSe-TOPO NPs washed four 
times were added. The solution was refluxed overnight at approximately 650C under 
argon flow in the dark. There are three requirements in this ligand exchange 
procedure (i) protic solvent (ii) basic condition and (iii) reaction temperature. It is 
important to reflux the nanoparticles in a polar protic solvent such as methanol 
because the high dielectric constant (33) and high polarity makes the thiol coated 
CdSe nanoparticle more stable. The basic condition required for this ligand exchange 
procedure was achieved by using an organic base such as TMAH. This enhances the 
reactivity of MUA towards CdSe surface by deprotonation of both the carboxyl and 
thiol group (pKa~10) of MUA. The thiols from MUA bind to the Cd rich CdSe surface 
as thiolate and form ligands around the CdSe nanoparticle. The deprotonated 
carboxyl enhances the solubility of the MUA stabilized CdSe nanoparticle in 
methanol. The reaction temperature must not be more than 1000C. If the reaction 
temperature is more than 1000C nanoparticles will undergo Ostwald ripening, 
indicated by a red shift in the absorption peak of the nanoparticles. For these 
reasons, all of the results are based on the samples prepared by refluxing in 
methanol overnight. The obtained nanoparticle solution was precipitated with ethyl 
acetate and ethyl ether. After the solution was centrifuged, ethanol or methanol was 
added to resuspend the precipitate. 
Schematic 4.1: The ligand exchange process. 
 
7H2O   + 
TMAH 
MeOH 
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exchange 
   
 
 
 
TOPO CdSe after 4x wash 
MUA CdSe 
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4.3.1.1 Optical Properties of MUA Capped CdSe  
 
The optical properties of the MUA capped CdSe nanoparticles were characterised by 
UV visible spectroscopy and PL spectroscopy. In Figure 4.9 the absorption spectra of 
TOPO capped CdSe before and after ligand exchange are shown. The solutions were 
diluted at the same absorbance at the first exciton peak. The MUA-treated CdSe 
maintain the original spectrum with the position and the width of the first 
absorption peak unchanged even after 1x purification procedure. This means that no 
oxidation, growth, etching or aggregation of the nanoparticle have occurred in the 
exchange process (200). 
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Figure 4.9: The absorption spectra of original TOPO capped CdSe, MUA capped CdSe 
fresh (0x) and after 1x wash. 
 
The PL spectra of MUA CdSe and original TOPO capped CdSe are shown in Figure 
4.10. The spectra were recorded from solutions with the same absorbance for the 
first exciton peak. As can be seen from Figure 4.10, the PL maxima peak intensity of 
MUA capped CdSe was reduced to about one order of magnification in comparison 
to the TOPO capped CdSe and a red shift of about 10 nm was observed. The intensity 
reduction is probably caused by poor surface termination of MUA capped CdSe 
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nanoparticles, when ligands are changed to more polar ligands PL intensity is 
typically reduced.  
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Figure 4.10: The PL spectra of original TOPO capped CdSe, MUA capped CdSe fresh 
(0x) and after 1x wash. 
 
The red shift may happen for two reasons. First is due to Ostwald ripening during the 
ligand exchange process with the CdSe nanoparticles growing bigger during the 
ligand exchange process. The small particles dissolve and the monomer released are 
consumed by the large particles. Secondly, it may also be the dielectric of MUA 
differs from that of TOPO. It is difficult to distinguish between these two reasons for 
the red shift in the PL spectra of the MUA capped CdSe.  
 
It is also noted that no lower energy emission are observed in the PL spectra for both 
TOPO capped CdSe and MUA capped CdSe as reported by Aldana et al. (200). This 
implies that the dots have good crystallinity and well passivated surfaces (either with 
original TOPO or MUA). If the surface is not properly passivated, selenium can easily 
oxidize and be removed from the nanoparticle surface.  
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A small bump is observed at higher energy post-exchange, which is presumed to be 
caused by the impurities in the solvent or by the higher dielectric constant of the 
solvent (in this case methanol).  The effect of methanol on the PL spectra is still not 
yet clear, but a study from Kilmov et al. suggests that, when methanol is absorbed to 
the surfaces of nanoparticles, the PL of the solution is decreased as the solvent acts 
as electron trap (201). 
 
Figure 4.10 also shows the PL intensity peak after 1x wash of the MUA capped CdSe. 
The TOPO capped CdSe nanoparticles, following the MUA treatment, were 
precipitated from the methanol suspension by addition of the same amount of ethyl 
acetate and ethyl ether. The supernatant was removed, and the nanoparticles were 
resuspend in ethanol for the electrophoretic deposition. After the washing 
procedure the PL spectra was reduced in intensity. PL spectra after the wash reflect 
removals of some surface-bound MUA. The normalized PL spectra recorded before 
and after the washing procedure show a good overlap and shift in the maxima peak. 
The binding of MUA to CdSe was found to be quite strong as the bound MUA 
molecules are retained even after 1x washing procedure. Further washing resulted in 
agglomeration. 
 
4.3.1.2 TEM 
 
TEM images of MUA capped CdSe obtained after the ligand exchange process and 1x 
purification procedure are shown in Figure 4.11. The fresh MUA capped CdSe 
nanoparticles are suspend in methanol and after 1x wash the MUA capped CdSe 
nanoparticles are resuspend in ethanol. From the Figure 4.11a, TEM image illustrate 
the particle aggregates in to close-packed assemblies after the ligand exchange 
(without purification). Figure 4.11b, shows the TEM images after 1x purification and 
it show that the size of the aggregates become bigger which may due to the loss of 
ligand by the purification step. From the TEM images the particle size was difficult to 
measure due to unclear particle boundaries, which may lead inaccurate particle size 
obtained. 
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                         (a)                                                                      (b) 
Figure 4.11: TEM images of MUA capped CdSe nanoparticles (a) before and (b) after 
1x wash. [Magnification X120K] 
  
4.4 Synthesis of TiO2 Nanoparticles 
 
In the past few decades, TiO2 nanoparticles have been of great interest owing to 
their potential application in many aspects such as solar energy conversion (202) 
(203) (204), photocatalysis (205) (206), sensors (63) (64) (207) (208), and 
photochromic device (59) (60). TiO2 is known to have three crystallographic phases: 
anatase, brookite and rutile (209). Among them anatase has been shown to have 
excellent photoactivity and optoelectronic properties (66) (67).  
 
Generally, colloidal TiO2 is prepared by the hydrolysis and condensation of titanium 
(IV) isopropoxide in aqueous and nonaqueous media. In this research TiO2 
suspension in ethanol and water were prepared using methods proposed by Kamat 
et al. (77) and Srikanth et al. (97) respectively. The particles obtained from both 
methods were not suitable for the electrophoretic deposition process. A third TiO2 
synthesis route was developed to suit our purpose, in which the resultant anatase 
TiO2 could be suspend in solution of high pH (>10). 
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XRD (X-ray diffraction) was used to analyse the crystal structure of the TiO2 and to 
calculate the crystallite size of the TiO2 nanoparticles. Scanning electron microscope 
(SEM) and transmission electron microscope (TEM) were also used to characterise 
the morphology of the TiO2 nanoparticles. 
 
4.4.1 Chemicals 
 
The titanium (IV) isopropoxide (C12H28O4Ti) employed was 98% pure liquid from 
ARCOS Organic. Solvent of ethanol (C2H5OH) 96% was purchased from VWR and 
anhydrous ethanol 99% was purchased from FLUKA.  Nitric acid 90% was purchased 
from VWR. All chemicals were used as received. 
 
4.4.2 Kamat et al. (77) and Srikanth et al. (97). 
 
The TEM and SAED (selected area electron diffraction) patterns of the of the TiO2 
nanoparticles synthesised by the Kamat et al. and Srikanth et al. methods are shown 
in Figure 4.12 (a and b), repectively. The XRD results in Figure 4.12a show that the 
TiO2 nanoparticle synthesised using the method from Kamat et al. possess an 
amorphous structure. This result is confirmed by the absence of lattice fringes 
(Figure 4.13a) and a broad ring from the SAED (Figure 4.13b). 
 
The synthesis of TiO2 using the metod of Srikanth et al., shows that the TiO2 
nanoparticles is completely crystalline and predominatly consists of anatase 
structure as displayed in Figure 4.12b. From the XRD results, the major peak of 
anatase structure were indicated by letter ‘’A’’ and minor peak of brookite were 
indicate by letter ‘’B’’, as refer to Joint Committee on Power Diffraction Standard 
(JCPDS) card no. 21-272. The particle diamater of 4.5 nm calculated using equation 
3.3 was obtained. In Figure 4.14, the TEM images show a clear fringes (Figure 4.14a) 
and the SAED pattern show a clear define rings which demonstarte the TiO2 was 
crystalline (Figure 4.14b)  . The first four rings are assigned to the (101), (004), (200) 
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and (211) reflection of the anatase phase. The TEM results are in good agreement 
with XRD measurements. Eventhough this method produce the required crystal 
structure, but when changing the pH of the sol to alkali values gelation was 
observed. 
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Figure 4.12: XRD TiO2 nanoparticles prepare by (a) Kamat et al. method and              
(b) Srikanth et al. method. (A = anatase and B = brookite) 
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(a)                                                                                 (b) 
Figure 4.13: (a) TEM and (b) SAED patterns of TiO2 nanoparticles prepare by Kamat et 
al. method.  [Magnification X40K]  
 
 
 
 
 
 
 
 
 
 
 
 
 
(a)                                                                                 (b) 
Figure 4.14:  (a) TEM and (b) SAED patterns of TiO2 nanoparticles prepare by Srikanth 
et al. [Magnification X200K] 
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4.4.3 New Method for the Synthesis of  TiO2 Nanoparticles 
 
A new method to synthesis TiO2 nanoparticles have being produced in this research 
in order to allow the preparation of sols with the anatase TiO2 at pH > 10. In this 
method titanium (IV) isopropoxide (TIP) was used as the source of titanium. 1ml of 
titanium isopropoxide was pipetted into an air-tight glass vial and diluted with 1 ml 
of anhydrous ethanol and immersed in an ice bath. Then 10 ml of DI water (H2O) was 
prepared in a 30 ml glass vial and then stirred in an ice bath. The temperature of the 
water is crucial to get anatase structure of TiO2. When the temperature of both DI 
water and mixture of TIP with ethanol reaches 0oC ± 0.1oC, the mixture of TIP with 
ethanol was added to the water dropwise under vigorous stirring. A white 
precipitate appeared immediately at the initial addition of the TIP. The stirring was 
applied for 4 hr and the mixture temperature was maintained at 0oC. The pH of the 
solution after stirring is about pH 5-6. 
 
4.4.3.1 Characterization/Analysis 
 
XRD patterns of the anatase TiO2 nanoparticles is shown in Figure 4.15. It can be 
seen that there is almost all reflection peaks are consistent with anatase phase for 
ice bath temperature at 0oC. The anatase TiO2 characteristic peak at 25.3
o, 37.9o, 
47.8o, 54.3o and 63.0o represent lattice planes (101), (004), (200), (211) and (204) 
respectively, are in agreement with JCPDS reference diagram for the coresponding 
bulk phase [21-272]. As can be see from the XRD results the peak at 32o was assigned 
to a small amount of brookite structure (indicate by ‘’B’’). Ice bath temperature at 
1oC and 5oC show an amorphous structure were formed. Avarage crystallite size of 
TiO2 is calculated by Scherer’s formula employing the (101) plane at 25.3° found to 
be 4.7 nm.  
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Figure 4.15: XRD of TiO2 nanoparticles prepare by new method. 
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Figure 4.16 (a and b) show the TEM and SAED patterns of the TiO2 nanoparticles 
prepare with the new method. The lattice fringes in the TEM images are evidence of 
the high crytallinity of the TiO2 nanoparticles and the SAED patterns show four major 
rings as a prove of anatase stucture. 
 
 
 
 
 
 
 
 
(a)                                                                                 (b) 
Figure 4.16: (a)  TEM and (b)  SAED pattern of TiO2 nanoparticles prepare by new 
method. 
 
In the following Chapter 5, will discuss in detail on the electrophoretic deposition 
nanoparticle which have been synthesis in this chapter. 
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Chapter 5 Results and Discussions 
 
Chapter 5 is the chapter detailing the results and discussion for EPD of TOPO capped 
CdSe, MUA capped CdSe, TiO2 and mixtures of MUA capped CdSe-TiO2 nanoparticles 
films on FTO substrates. The single layer deposition is important to provide 
information on the behaviour of these materials for a better understanding for the 
production of multilayers. Depositions were also performed with two and three layer 
of the nanoparticles, on FTO substrate. Finally these samples were subjected to 
photocurrent studies to measure the IPCE of the single layer and the composite 
layers. 
5.1.   EPD of TOPO Capped CdSe 
 
In light of the fact that the CdSe nanoparticles prepared in the presence of TPDA and 
HDA were of vastly superior quality to those without these reagent, the chemicals 
were used in electrophoretic deposition experiments. Reproducible results were 
only obtained with solutions of CdSe nanoparticles dispersed in hexane that were 
washed 3x and immediately used for EPD on the electrode.  
 
5.1.1 Instrument and Method 
 
The electrophoretic deposition experiment for TOPO capped CdSe was carried out 
using the experimental set-up shown in Figure 5.1. In this experimental set-up, high 
voltage (0 – 3000 K) power supply type PM 28D from EMI (Electron Tube Division) 
was connected in series to 1 M resistor and the EPD cell. The digital voltmeter from 
Caltek (model CM 3900A) was used to measure the voltage across the resistor and 
hence the current. The 10 ml vial was used as the EPD cell consisting of 3 ml of TOPO 
capped CdSe colloidal solutions and two electrodes (both from FTO). Before the 
deposition, electrodes were cleaned in order to eliminate contamination on the 
substrate. Then the contact using copper wires were made to the electrodes. During 
the process, EPD cell was keep in a safety box under a flow of argon. 
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(a)                                                        (b) 
Figure 5.1: Photograph of the EPD experimental set-up for TOPO capped CdSe 
consists of (a) power supply and safety box (b) inside the safety box. 
 
5.1.2 EPD Parameters Related to the Processing of TOPO Capped 
CdSe 
 
Parameters that significantly affect the quality of electrophoretic deposition, such as 
applied voltage, deposition times and electrode gap size, were comprehensively 
studied to optimize the EPD process. Table 5.1 summarises the electrophoretic 
deposition parameters varied for EPD of TOPO capped CdSe in this research. 
 
Table 5.1: Summary of the parameters studied and the range they have been varied 
for EPD of TOPO capped CdSe. 
Parameters Range 
Suspension concentration Fixed to 1015 dots cm-3 
Deposition time 30 minute & 1 hour 
Applied voltage 500  to 1000 V 
Electrode gap size 1 to 5 mm 
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5.1.2.1 Applied Voltage during EPD of TOPO Capped CdSe Suspension 
 
The applied potential across the electrode is one of the most important parameters 
in electrophoretic deposition. The applied voltage for EPD was studied in the range 
of 500 V to 1000 V for one hour deposition time with electrodes separated by 2 mm 
and nanoparticles diameter of 2.44 nm and concentrations between 5x1015 to      
8x1015 dots cm-3. CdSe nanoparticles were deposited on both electrodes, anode and 
cathode, with similar thicknesses on each electrode. Thicknesses were determined 
by measuring the absorption at three positions selected at random and using 
equations 3.2 and 3.3 in Chapter 3. From the graph in Figure 5.2, a maximum 
thickness is obtained at 600 V – 700 V. This is not expected from the electrophoretic 
deposition theory, where an increase in deposition rate accompanies an increase in 
voltage. The minimum thickness is shown at high voltages ≥ 800 V. This may be 
because the inter electrode solution was depleted of particles during deposition at 
high voltages. This depleted solution is replenished by diffusion of nanoparticles 
from the bulk solution. At high voltages, material diffusing from bulk solution is 
deposited at the edges of the electrodes. Thus in the centre, where UV-visible 
measurement was performed, there is less deposition than at higher voltage. In 
addition as reported by Besra et al., turbulence between electrodes may also occur 
at higher voltages, which disturb the deposition of particles in the centre of the 
electrodes (20). 
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Figure 5.2: Relation between deposited thickness and different applied voltages on 
both anode and cathode at deposition time 1 hour. 
 
 
Figure 5.3, shows the optical micrograph of 1 hour deposited films at different 
voltages. It is apparent that cracks occur in all samples, especially in the thicker films 
deposited at > 700 V, both anode and cathode shows cracks on the samples. 
Deposition at 500 V shows the absence of cracks on the electrodes surfaces. Optical 
micrograph for films deposited at 800 V and 1000 V shows fewer cracks, but they 
show an increase in the crack length, up to 111 m for films prepare at 1000 V. The 
crack formation on the inorganic film may be due to fast evaporation of the solvent 
from the film surface during the drying process (161).   
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Figure 5.3: Optical micrographs images of the CdSe nanoparticles film at 1 hour 
deposition time and voltage from 500 V to 1000 V. (a) 500 V (b) 600 V (c ) 700 V       
(d) 800 V (e) 900 V (e) 1000 V (anode (left) and cathode (right)). [Magnification X10] 
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5.1.2.2 Deposition Time of TOPO Capped CdSe for 30 minute 
 
Deposition was performed for 30 minute, using nanoparticles of diameter 2.44 nm, 
concentration of 4.5x1015 dots cm-3 and electrodes separated by 2 mm.  Figure 5.4 
indicated the amount of deposit increases with voltage. This result for the anode 
followed the theory of electrophoretic deposition for voltages 600  – 900 V, but for 
1000 V the thickness decreases. At the higher voltage, nanoparticles may deposit at 
the edges of the electrodes because depletion or turbulence may occur in the 
suspension between the electrodes (20). This may disturb the deposition of particles 
in the centre of the electrodes by the flow in the surrounding medium. Thus in the 
centre, where UV-visible measurement was performed, there is less deposition than 
at lower voltage.  
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Figure 5.4: Relation between deposited thickness and different applied voltages on 
both anode and cathode at deposition time 30 minute. 
 
The optical micrographs in Figure 5.5 show that a patchy nanoparticle film deposited 
on the substrate for applied voltage 600 V – 900 V. This patchiness of the 
nanoparticles will lead to the formation of cracks when the time of the deposition is 
extended, as seen in figure 5.5. It seems that once some nanoparticles deposit on 
the surface, the rest of the nanoparticles deposit in the same position. Hence the 
patch structure of the nanoparticles on the substrate. At a deposition of potential 
1000 V, the optical micrograph shows that the cracks length is larger and formation 
of islands between cracks, with potential for delamination.  
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Figure 5.5: Optical micrographs images of the CdSe nanoparticles film at 30 minute 
deposition time and voltage from 600 V to 1000 V. (a) 600 V (b ) 700 V ( c) 800 V      
(d) 900 V (e) 1000 V. (anode (left) and cathode (right)). [Magnification X10] 
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5.1.2.3 Electrode Gap during EPD of TOPO Capped CdSe 
 
In an electrophoretic deposition process, it is important to determine the applied 
electric field, which influences the electrophoretic mobility of the particles in the 
solvent. The formula for the applied electric filed is given by: 
 
                
                ( )
                    (  )
 5.1 
 
Gap size between the electrodes is one of the parameters that effect the deposition. 
In this research we study the electrode gap size ranging from 1 – 5 mm for 1000 V at 
30 minute deposition time, a different initial sol from the voltage studies at 30 
minutes and 1 hour. The electrodes were separated using stacks of microscope slides 
(each 1mm thick). Figure 5.6 shows the optical micrograph images of the results 
obtained. For samples grow at 1 mm gap size, spots of nanoparticles are obtained on 
the substrate. Samples deposited with electrodes gap size of 2 mm and 3 mm show a 
uniform CdSe nanoparticle film deposited on the substrate. These conditions 
correspond to electric fields of 500 V mm-1 and 333 V mm-1 respectively. As for 
electrode gap with sizes of  4 mm and 5 mm the optical micrograph shows a non-
uniform CdSe nanoparticle film deposited on the substrate, with a patchy film 
deposited for 4 mm electrode gap size where the electric field applied was               
250 V mm-1. For 5 mm electrodes gap size the electric field applied was 200 V mm-1 a 
low electric field, which causes the particles to move slowly and give a low 
deposition rate, leading to non-uniform deposited film on the substrate. 
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Figure 5.6: Optical micrographs images of the CdSe nanoparticles film on anode at               
30 minute deposition time and 1000 V. (a) 1 mm (b) 2 mm (c) 3 mm (d) 4 mm           
(e) 5 mm. [Magnification X10] 
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5.1.3 Surface Morphology of TOPO Capped CdSe Film 
 
For the electrophoretic deposition of 2.44 nm diameter CdSe nanoparticles on the                                
3-(mercaptopropyl)trimethyoxysilane (MPTMS) functionalised FTO electrode, the 
initial current between the electrodes was ~ 200 nA for 940 V applied voltage and 
the electrodes were separated by 2 mm. The CdSe nanoparticles density of              
7.0 x 1015 dots cm-3 determined by absorption spectroscopy using equation 4.1 in 
Chapter 4. After one hour deposition, 0.80 μm thick CdSe film deposited on the 
anode and 1.22 μm CdSe film deposited on the cathode. The thicknesses were 
measured from absorption peak of the TOPO capped CdSe films and calculated using 
equations 3.2 and 3.3 in Chapter 3. The results show that the CdSe solution 
contained both positively and negatively charge nanoparticles, which produced CdSe 
film on both anode and cathode. This is because the CdSe nanoparticles appear to 
have a permanent dipole moment and a fraction of them are thermally charge (10). 
The films produced in this work do not show equal in thickness, which indicates the 
concentration of negatively and positively charged nanoparticles are not equal in the 
solution (12) . 
 
As can be seen in the scanning electron microscope (model Gemini 1525 FEGSEM) 
image of 1.22 μm thick film, Figure 5.7, there are cracks in the film. This cracking due 
to evaporation of solvent during the drying of the film is a common phenomenon in 
thin film sample (210).  
 
 
 
 131 
 
 
 
 
 
 
 
 
 
 
Figure 5.7: SEM image and EDS of the 1.22 μm thick of TOPO capped CdSe 
nanoparticles film. 
 
 
The EDS result shows that there were cadmium and selenium element on the film 
suggesting CdSe nanoparticles was deposited on the FTO substrate. In addition there 
were also phosphorous and oxygen element on the film, these elements come from 
the capping agent surrounding the CdSe nanoparticles. Moreover, when EDS was 
performed on the cracked area: indium, oxygen, sulphur and cadmium were found. 
Indium and oxygen were the elements from the FTO substrate; sulphur was the 
element from the MPTMS used to silanise the substrate and Cd was from CdSe 
nanoparticle. 
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5.2 EPD of MUA Capped CdSe 
 
The results obtained from the electrophoretic deposition of TOPO capped CdSe 
nanoparticles show that a high applied voltage of at least 500 V is required in order 
to make them deposit on the substrate. This is due to the low charge of the sterically 
colloidal nanoparticles stabilised and the non-polar suspension medium used in the 
EPD.   
 
Alcohols are known to behave as proton donors and are important for particle 
charging.  It is preferable to achieve highly charged particle in order to reduce the 
applied voltage required during the electrophoretic deposition. To use alcohols for 
EPD of CdSe nanoparticles, the particles must be rendered stable in the solvent. This 
can be done by replacing the CdSe TOPO ligands with charged hydrophilic ligand 
groups, such as carboxyl, amine and thiol group, which make the CdSe nanoparticles 
suspend in water or in alcohol. In this research TOPO capped CdSe with alkyl group 
in the chains was changed to mercaptoundecanoic acid (MUA) capped CdSe with 
carboxyl group on the tails, through the ligand exchange process. All the 
experiments for EPD of MUA capped CdSe, the nanoparticle size used was in the 
range between 2.80 – 3.26 nm. 
 
5.2.1 Instrument and Method 
 
A different experiment set-up was employed for electrophoretic deposition of MUA 
capped CdSe. In these experiments a power supply with voltage range between         
0 – 30 V model 4000T from Weir, was used and connected in series to the EPD cell. 
The digital voltmeter was used to measure the current across the EPD cell. The EPD 
cell consisted of a 10 ml vial containing 3 ml of MUA capped CdSe solution and two 
electrodes parallel to each other with an electrode gap size of 5 mm. The electrodes 
were connected to the power supply by clipping the copper wire to the crocodile 
clips. Figure 5.8, shows the EPD set-up for MUA capped CdSe. 
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Figure 5.8: Photograph of the EPD experimental set-up for MUA capped CdSe 
nanoparticles. 
 
 
Briefly, the preparation of MUA capped CdSe starts with washing of TOPO capped 
CdSe four times. The washed TOPO capped CdSe was resuspend in a mixture of 20 
mg of MUA powder and 15 ml of  methanol, the TOPO capped CdSe tends to 
sediment in the methanol, the pH of the mixture was adjusted to more than 10.3 by 
adding TMAH (tertramethylammonium hydroxide).  An Orion 2 Star pH meter from 
Thermo Electron Corporation was used to measure the suspension pH. Then the 
solution was refluxed at 65oC under a flow of argon for 24 hrs. The heating mantel 
for 50 ml flask from Barnstead Electrothermal was used and connected to a 
temperature controller CAL 9900 with attachment to a glass coated type K 
thermocouple model 8003 from Barnstead International to control the temperature. 
As prepared MUA capped CdSe nanoparticles were precipitated to the volume ratio 
of 1:3:3 of unpurified MUA capped CdSe to ethyl acetate and ethyl ether. For 
instance, if 5 ml of unpurified MUA capped CdSe was used, to precipitate the 
particles 15 ml of ethyl acetate and 15 ml ethyl ether were added. High amounts of 
ethyl acetate and ethyl ether were added to unpurified MUA CdSe nanoparticles to 
remove the excess unreacted MUA and TMAH. Then the washed MUA capped CdSe 
was resuspend in either alcohol or water and immediately use for EPD. 
 
 134 
5.2.2 EPD Parameters Related to the Processing of  MUA Capped 
CdSe  
 
The optimisation of the deposition parameters employed during electrophoretic 
deposition of MUA capped CdSe on FTO electrodes were investigated, as 
summarised in Table 5.2. 
Table 5.2: Summary of the parameters studied and the range they have been varied 
for EPD of MUA capped CdSe. 
Parameters Range 
Electrode gap size Fixed at 5 mm 
Suspension concentration Fix to 1015 dots cm-3 
Applied voltage 5 to 20 V 
Suspension medium Water, ethanol, methanol 
Purification Unpurified, 1x wash, 2x wash MUA capped CdSe 
Deposition time 1 to 15 minute 
Silanisation of electrode APTMS (3-(aminopropyl)trimethoxysilane) 
 
5.2.2.1 Applied Voltage during EPD of MUA Capped CdSe Suspension 
 
In this research we studied three difference suspension media, which were water, 
methanol and ethanol. Water was the first suspension medium used for the EPD 
process. Table 5.3 show the effect of increasing applied voltage. The table shows 
that at lower potential no deposition was observed and the hydrolysis of water starts 
at 5 V, as reported by Van der Biest & Vandeperre (124).  
Table 5.3: The effect of EPD applied voltage of MUA capped CdSe (wash for 1x) and 
resuspend in water. 
Applied voltage 
 
Initial current Deposition Water 
hydrolysis 
1 V 0.2 A No No 
2 V 2.0 A No No 
3 V 118.0 A No No 
4 V 276 A No Yes 
5 V 495 A A very thin film 
deposited on anode 
Yes 
6 V 768 A Cathode is burning Yes 
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For ethanol and methanol, the voltages applied were between 2.5 V to 20 V. From 
Table 5.4, good deposition layers were obtained at applied voltage of 5 V for 
nanoparticles dispersed in ethanol. At 10 V the deposit for both alcohols become 
thicker and peeled off due to poor adhesive on the substrate. At higher voltages of 
20 V, the initial current is also high and tends to burn the cathode. Moreover due to 
the high voltage applied the suspensions in methanol and ethanol were susceptible 
to Joule heating which sometimes also lead to the loss of stability of the suspension. 
In this case, the MUA capped CdSe sedimented out at the bottom of the EDP cell 
during EPD. To avoid the Joule heating, the current was limited either by working at 
constant applied current or limiting the voltage that was applied. In further research, 
ethanol was chosen to be used as the suspension media for MUA capped CdSe 
nanoparticles and an applied voltage of 5 V was used. 
 
Table 5.4: The effect of EPD applied voltage of MUA capped CdSe (wash for 1x) and 
resuspend in alcohols. 
Applied 
voltage 
Methanol Ethanol 
Initial 
current 
Deposition Initial 
current 
Deposition 
2.5 V 90 A Spotty deposition - - 
5 V 3.28 mA Patchy deposition 0.38 mA Uniform deposition 
10 V 5.5 mA Peel off 1.23 mA Peel off 
20 V 10 mA Cathode is 
burning 
5.0 mA Cathode is burning 
 
 
5.2.2.2 pH of MUA Capped CdSe Suspension 
 
The pH of solution is also important to consider. The pH of MUA capped CdSe sols 
needs to be more than 10 to make the COOH from MUA fully deprotonated to yield 
negatively charged of COO- surface groups, refer to Figure 5.9. The negative charge 
distributed on the surface will stabilise the nanoparticles. 
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                               Before                                                                After 
Figure 5.9: Chemical structure of MUA before and after deprotonated by adding 
TMAH. 
 
 
5.2.2.3 Purification of MUA Capped CdSe Suspension 
 
It has been reported by Islam et al. that purification of TOPO capped CdSe 
nanoparticles in hexane/octane  for electrophoretic deposition is an important step 
to form a smooth and robust layer of CdSe nanoparticles on a conductive substrate 
(11). But nanoparticles washed for more than three times produced rough, clumpy 
films due to some ligand loss during the washing cycle. In this experiment washing of 
as prepared MUA capped CdSe is important to remove any uncorporated MUA and 
excess TMAH from the ligand exchange process. The impurities increase the solution 
conductivity and affect the current intensity during electrophoretic deposition. 
Figure 5.10 shows current intensity vs. deposition time during EPD of 1.45 x 1015 dots 
cm-3 and pH 11.00 for both unpurified and 1x wash MUA capped CdSe. The voltage 
applied was 5 V for 10 min. The current intensity of unpurified MUA capped CdSe is 
high if compared to 1x wash MUA capped CdSe. This demonstrates that the 0x 
solution has more charge carriers which derives from the excess deprotonated MUA. 
During the ligand exchange the MUA powder tends to deprotonate in the presence 
of TMAH. Under applied voltage the deprotonated MUA will also move and deposit 
on the cathode but not strongly adhere to it. After drying the deposited film tends to 
peel off, Figure 5.11. The ICP results for sulphur in Table 5.3 confirm that the amount 
of MUA is more in 0x sols compared to 1x wash sols where sulphur comes from the 
thiol group at the head of MUA, refer to Figure 5.9.  
 
 
 
 
deprotonated 
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Figure 5.10: Current intensity vs. deposition time during EPD unpurified and 1x wash 
MUA capped CdSe (both solution is in methanol). 
 
 
 
Figure 5.11: Photo of peeling off MUA capped CdSe film on substrate effect from 
deposition of unpurified MUA capped CdSe nanoparticles. 
 
 
On the other hand, the 1x wash MUA CdSe forms a uniform and strongly adhered 
film on the anode. Table 5.5 shows an increase in the amount of Cd and Se using 
particles washed once for EPD. This suggests that MUA molecules is loosely bound to 
the CdSe nanoparticles and are easily removed during washing. But not all MUA 
were washed away, only some of it. If all MUA ligand on CdSe were washed away, 
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the CdSe nanoparticle would not suspend in the ethanol and would tend to sediment 
at the bottom of the vial. The removal of some MUA will expose the Cd and Se sites 
at the surface, see Figure 5.12. Table 5.5 show that the amount of Se exposed is 
more than Cd, this possibly makes the nanoparticles negatively charged and under 
applied voltage move to the anode.  
 
Table 5.5: The ICP results for unpurified  MUA capped CdSe and after 1x wash. 
No. of wash Cd (ppm) Se (ppm) S (ppm) P (ppm) Cd/Se 
0x 8121 4718 6.638 35.36 1.72 
1x 8880 12140 3.845 30.28 0.73 
 
 
 
 
 
 
 
 
 
 
Figure 5.12: Schematic diagram of MUA capped CdSe after 1x wash with MUA, 
TOPO, Cd2+ and Se2- at the surface. 
 
 
After further washing of MUA capped CdSe to 2x wash, some of the nanoparticle no 
longer disperse uniformly in the suspension media and agglomerate at the bottom of 
the vial.  This is possibly due to the loss of ligands completely during the washing 
procedure. Electrophoretic deposition using 2x wash nanoparticle show no 
nanoparticle deposited on the substrate. It appears the washing procedure 
decreases the density of the MUA ligands and hence reduces the repulsive force 
between the particles. Under applied potential these particles tends to aggregate 
before they reached the electrode, which make them sediment out near anode, as 
show in Figure 5.13.  
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Figure 5.13: Photo show sediment of MUA capped CdSe near electrode.   
 
5.2.2.4  Deposition Time of MUA Capped CdSe Suspension 
 
Deposition time is one of the important parameters that need to be considered in 
electrophoretic deposition. In this experiment MUA capped CdSe was used with the 
particle diameter 3.04 nm and the nanoparticles concentration at 3.67 X 1015 dots 
cm-3. The voltage applied was 5 V and the deposition time studied in the range of        
30 s to 15 minute. The film thicknesses were measure using Zygo®White Light 
Interferometer at three different positions on the film.  The average of the three 
measurements with the associated error of 5 % is reported in Figure 5.14 for MUA 
capped CdSe suspend in ethanol. The thickness for the first 5 minute increased 
dramatically with time, which show a high deposition rate and then levels off after    
5 minute deposition, which shows a low deposition rate. The decline of the 
deposition rate is directly associated to the decrease of current density observed in 
Figure 5.10, which may be due to a drop of potential across the film and therefore a 
lower electric field (124). 
MUA capped CdSe sediment 
near anode 
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Figure 5.14: The thickness of MUA capped CdSe with concentration of 3.67 X 1015 
dots cm-3 at different deposition time under applied voltage 5 V. 
 
 
Figure 5.14 displays the optical micrograph of MUA capped CdSe deposited for 
different times. The presented micrographs were taken at the centre of the film after 
drying at room temperature. At the beginning of the deposition no crack were 
observed. Only at deposition times of greater than 7 minute cracks start to generate 
that may be caused by the evaporation of solvent.  Solvent trapped in the interstitial 
between nanoparticles and the ligand, evaporating from the interstitial region in the 
drying process leaving nanovoids behind which become initiator for the crack to 
propagate. As the deposition time increases more cracks were generated which is 
caused by the propagation of the crack along the nanovoids. If the crack length 
exceeds the critical crack length, islands formed between the cracks which are 
susceptible to delamination (161). This was observed at deposition times of              
13 minute when the deposited film started to delaminate and at 15 minute when the 
delamination areas become larger. 
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Figure 5.15: Optical micrographs images of the MUA capped CdSe nanoparticle film 
at applied voltage 5 V and deposition time (a) 1 minute (b ) 3 minute ( c) 5 minute  
(d) 7 minute (e) 9 minute (f) 11 minute (g) 13 minute and (h) 15 minute. 
[Magnification  X10] 
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5.2.2.5 Silanisation of the FTO Electrodes 
 
In order to avoid peel off and delamination of the deposited layer, a thin functional 
layer was introduced on the FTO. In this research APMTS was used to silanise the 
electrode, resulting in a surface covered by pendent amine groups to bind MUA 
capped CdSe. The electrodes were cleaned with ‘’aqua regia’’ solution for metal 
removal by immersion in this solution for 10 minute, followed by rinsing in DI water 
and immersion of the electrodes in ‘’piranha’’ solution to remove organics for 
another 10 minute. Then the electrodes were rinsed with methanol and immediately 
immersed in 1 % APTMS in methanol solution for 10 minute. The silanised electrodes 
were rinsed with methanol and kept in DI water and used within 1-2 hr. To confirm 
the silanised electrodes have been treated with amine group, the silanised 
electrodes were soaked in colloidal Au nanoparticles solution (courtesy of Dr Fang 
Xie) overnight. The gold nanoparticles were produced by reduction method, by 
mixing HAuCl4 and sodium citrate. Sodium citrate acts as both capping materials and 
as the reduction agent. Resulting gold nanoparticles with surface adsorbed citrate 
ions, which make the gold nanoparticles negatively charged. A non-silanised 
electrode was prepared for comparison. Au nanoparticle were successfully attached 
to the electrode shown by the surface of electrode becoming wine-red when taken 
out from the Au nanoparticle solution and turning to blue or purple upon drying due 
to change in  interparticle spacing. The control electrode does not show any 
coloration, due to no functionalised group exist on the substrate surface for Au 
nanoparticle to anchor. The results demonstrated that negatively charged of gold 
nanoparticles easily anchored to the amine group, see Figure 5.16.  
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      (a)                                                                        (b)        
Figure 5.16: (a) Experiment results of Au nanoparticles deposited on APTMS 
functionalised electrode and (b) schematic diagram of silanised electrode with 
APTMS anchor with Au nanoparticles. 
 
The silanised electrodes were used to deposit MUA capped CdSe by electrophoretic 
deposition, with applied voltage 5V and 10 V for 10 minute. The results show no 
deposition on the silanised electrodes at 5V and increasing the voltage to 10 V the 
deposited layer peel off during removal of electrodes from vial.  This shows that 
silanised electrode is not suitable to be used in electrophoretic deposition due to 
short time deposition, where the MUA capped CdSe does not have enough time to 
link to the amine group on the electrode surfaces.  
 
In addition, the unsuccessful deposition may also be due to the length of APTMS 
molecule, 8 Å, is shorter than MUA ligand molecules whose length is approximately 
15 Å. The EPD on MUA capped CdSe provide a driving force which make the long 
MUA molecules to penetrated far and reached the SnO2 substrate. The SnO2 is not 
charging resulting no binding between MUA and SnO2 substrate were made, refer 
Figure 5.17. 
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Figure 5.17: MUA capped CdSe binding to the APTMS functionalised SnO2. 
 
5.2.2.6 Summary Related to EPD Parameters of MUA Capped CdSe 
Suspension 
 
For a successful deposition of MUA capped CdSe using EPD, first the MUA capped 
CdSe needs to be purified at 1x wash to remove the excess MUA and TMAH, and 
resuspended in ethanol. Moreover, it is important to adjust the pH of the suspension 
to be between pH 10 and pH 11 by adding TMAH. If too much TMAH is added to the 
MUA capped CdSe, the nanoparticle might not deposit on the FTO substrate due to 
the higher surface charge that makes the repulsive interaction between the particles 
become stronger and necessitates a high voltage (> 20 V) to overcome this repulsive 
energy, a voltages which would burn the cathode.  
 
A constant voltage of 5 V at initial current of 0.24 mA and deposition time 5 minute 
were chosen. This voltage was shown to lead to the best MUA capped CdSe film, in 
terms of uniformity and adherence to the substrate. 
 
5.2.3 Behaviour of Deposition Current during EPD of MUA 
Capped CdSe 
 
The initial current between the electrodes was between 0.25 mA to 0.35 mA for 
applied voltage 5 V and MUA capped CdSe with concentration of                               
 APTMS functionalise SnO2  
CdSe 
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1.45 X 1015 dots cm-3. The current intensity declined to 0.17 mA in 90 sec at 
constant voltage because of the increase of the film thickness, which produced an 
ohmic resistance causing the drop of the potential applied, as shown in Figure 5.18. 
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Figure 5.18: Current intensity vs. time during electrophoretic deposition of MUA 
capped CdSe nanoparticles with concentration of 1.45 X 1015 dots cm-3. 
 
5.2.4 Sintering Effect of MUA Capped CdSe Films  
 
In order to improve the adhesive of the MUA capped CdSe to the FTO and to 
increase connectivity between the particles, the MUA capped CdSe were sinter. In 
this experiment the MUA capped CdSe were sintered at five different temperatures, 
which were 75oC, 150oC, 250oC, 350oC and 450oC. The sintering was done in argon 
flow atmosphere in order to avoid oxidation to CdO. The highest temperature of the 
present study was at 450oC, which is well below the melting point of bulk CdSe          
(Tm = 1268
oC) (211). The sintering was carried out using Carbolite tube furnace at 
heating rate 10oC min-1 under the flow of argon and 1 hr holding time. The photos in 
Figure 5.19 show the MUA capped CdSe films before and after the sintering process. 
All the samples show an orange film before the sintering. They are still orange after 
sintering at 75oC and 150oC, but at sintering temperature 250oC to 450oC the film 
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start to change their colour to grey. The change on colour may be due to the 
increase in crystallite size and lattice parameters (211). Sharma et al. reported that 
from XRD patterns no peaks of CdSe oxidation was observed for sintering 
temperature up to 550oC (212).  
 
In this research we tried to use XRD to characterise the MUA capped CdSe crystallite 
structure and size, no peak for CdSe was observed only the peak for FTO was 
obtained. This may be because the CdSe particles are too small and the XRD peak is 
quite broad as reported by Murray et al. (17) and it may be embedded in FTO XRD 
peak. 
 
 
Figure 5.19:  The MUA capped CdSe films before and after sintering at 75oC, 150oC, 
250oC, 350oC and 450oC. 
 
Sharma et al. reported that sintering temperature and sintering time will affect the 
band gap of the CdSe (212). They used reflection spectra in the wavelength range of 
400- 850 nm to measure the band gap of CdSe. The results show that increasing the 
Before sintering     
     
After sintering     
     
75oC 150oC 250oC 350oC 450oC 
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sintering temperature and time will decrease the band gap. In our research the 
effect of sintering temperature on band gap will also studied by measuring the 
photocurrent of the sintered sample (see section 5.5.2.5). 
 
SEM images of MUA capped CdSe sintered at 350oC is shown in Figure 5.20. From 
the SEM micrograph many of the MUA capped CdSe nanoparticles were connected 
to each other and no agglomeration of particles were observed. This type of 
structure is suitable for use in quantum dot sensitized solar cell applications. This is 
because the nanopores would allow the electrolyte to penetrate deeply into the 
CdSe films by capillary action, and increase the contact area between the electrolyte 
and nanoparticles, thus making a huge internal surface area electronically 
addressable. 
 
 
Figure 5.20: SEM micrograph of MUA capped CdSe film sintered at 350oC. 
 
5.2.5 Surface Morphology of MUA Capped CdSe Films 
 
The EDS spectrum measured on MUA capped CdSe film deposited at 5V for 5 minute 
with CdSe nanoparticle diameter of 2.89 nm is shown in Figure 5.21. The SEM image 
in Figure 5.21 shows a lot of cracks on the CdSe films, which may be caused by the 
quick evaporation of solvent. The film contained elements of Cd and Se which clearly 
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comes from CdSe nanoparticles and S is from MUA ligand bound on the CdSe 
nanoparticle surface. The other elements in the film were C, P and O that come from 
the TOPO ligand which have not completely removed after the washing procedure.  
 
 
 
Figure 5.21: The EDS spectrum for MUA capped CdSe film deposited at 5V for               
5 minute. 
5.3 EPD of TiO2 
 
Much research on EPD of TiO2 nanoparticle uses commercial TiO2 nanoparticle from 
Degussa (213) (214) (134) (177) (215). TiO2 from Degussa is not use in this research 
because in order to make the TiO2 nanoparticle electronically charged and move 
under an applied constant voltage, a small amount of iodine and acetylacetone 
needs to be added to the suspension (216). Below is the proposed chemical reaction 
of iodine and acetylacetone: 
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          5.2 
 
It is suggested that the H+ ions generated by the reaction is absorbed on the 
suspended particles making them positively charged. Later in this research the TiO2 
nanoparticles will be mixed with MUA CdSe nanoparticles for electrophoretic          
co-deposition, since MUA capped CdSe are negatively charged particles under 
application of voltage both nanoparticles will deposited on separate electrodes and 
will not form an interdigitated layer. 
 
In this research TiO2 nanoparticles were synthesised using a sol gel method by 
adding 1 ml of titanium isopropoxide dilute with 1 ml ethanol to 10 ml and stirrer 
under 0oC for 4 hr. As prepared TiO2 nanoparticle were centrifuged at 5500 rpm for 
10 minute to isolate the particles from the solution. Then the TiO2 nanoparticle were 
resuspended in ethanol. TiO2 nanoparticle with particle diameter of 4.66 nm and 
anatase phase were produced.  
 
5.3.1 Instrument and Method 
 
The electrophoretic deposition set-up for TiO2 nanoparticles was the same as that 
used for MUA capped CdSe, since the TiO2 were dispersed in ethanol and required 
low applied voltage. In this research ethanol was chosen to be used as a suspension 
medium for TiO2 nanoparticles in order to maintain the same condition as the 
deposition of MUA capped CdSe in section 5.2.2.1. The decision was made based on 
the objective of this project to deposit CdSe-TiO2 nanoparticle in one step. 
 
5.3.2 EPD Parameters Related to the Processing of TiO2 
Nanoparticles 
 
Important parameters employed during electrophoretic deposition of TiO2 
nanoparticles in order to obtain high quality films were studied and summarised in 
Table 5.6. 
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Table 5.6: Summary of the parameters studied and the range they have been varied 
for EPD of TiO2 nanoparticles. 
 
 
 
 
 
 
5.3.2.1 Apparent pH of TiO2 Nanoparticles Suspension 
 
In this research it is preferable to create a negative repulsive potential between the 
particles because the anode was chosen to be the collecting electrode, the same 
collecting electrode as MUA capped CdSe. The first parameter to study in the 
deposition of TiO2 is the pH of the solution, to determine a suitable pH for successful 
EPD. 
 
The apparent pH of TiO2 after 1x wash and resuspension in ethanol was at pH 5.5, 
near to the isoelectric point (IEP) point of TiO2. Under applied voltage no deposition 
occurred at this pH due to low net charge. In order to make the TiO2 nanoparticle 
negatively charged as for MUA capped CdSe, a base TMAH ((CH3)4NOH) was add to 
the 1x wash TiO2 nanoparticle to ionise the hydroxyl surface groups (-OH) on the 
TiO2 nanoparticle. By adding the TMAH, the surface hydroxyl groups will lose protons 
in the presence of OH- (basic pH) and become negatively charged particles, as show 
below: 
 
                   5.3 
 
(CH3)4N
+ becomes the counter ions of the diffuse layer. Under applied voltage, the 
negatively charged particles concentrate near the anode and are forced in contact 
with others. The counter ions (CH3)4N
+ of the diffuse layer are pushed back, resulting 
Parameters Range 
Electrode gap size Fixed at 5 mm 
Purification 1x wash 
Apparent pH of solution pH 8 to pH 14 
Suspension concentration 0.05 to 0.3  g ml-1 
Applied voltages 5 V and 10 V 
Deposition time 1 to 15 minute 
 151 
in thinner of the diffuse layers and coagulated with others particles either near the 
electrode or already in the deposit to form a TiO2 film (217). 
 
Figure 5.22 shows that increasing the apparent pH of the TiO2 nanoparticles solution 
will also increase the initial current, which may result from the higher amount of 
TMAH hence ions in the solution.  If too much TMAH is added, the large amount of 
positive ions in the suspension will become the main current carriers resulting in 
high initial current but no deposition.  Moreover, high amounts of TMAH leads to a 
decrease in the thickness of the diffuse layer and hence decreases the repulsive 
force between the particles, allowing the particles to approach closely and 
aggregates into larger particle which eventually settle to the bottom of the vial. This 
would results in no particles deposited on the substrate under application of 
constant voltage. 
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Figure 5.22: Current intensity vs. apparent pH of TiO2 nanoparticle suspended in 
ethanol with a concentration of 0.1 g ml-1 at applied voltage 5V and 5 minute. 
 
5.3.2.2 Applied Voltage during EPD of TiO2 Nanoparticle Suspension 
 
For TiO2 nanoparticles, 5 V and 10 V were studied for the EPD with 0.1 g ml
-1 
concentration and the results show that TiO2 nanoparticles successfully deposited at 
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both applied voltages. An applied voltage of 5 V was chosen for TiO2 deposition to 
maintain a similar applied voltage to that used for MUA capped CdSe. Moreover at 
the same applied voltage the MUA capped CdSe and TiO2 nanoparticle will move 
together and deposit at same time on the collecting electrode. This is to meet the 
aim of this research to form an interdigitated layer between MUA capped CdSe and 
TiO2 nanoparticles to improve the quantum dots solar cells performance.  
 
5.3.2.3 Solid Concentration of TiO2 Nanoparticle Suspension 
 
The deposition was carried out from four different concentrations 0.05 g ml-1,         
0.1 g ml-1, 0.2 g ml-1 and 0.3 g ml-1 of TiO2 nanoparticles and all the solution were 
adjusted to apparent pH 10.3. EPD was performed at applied voltage of 5 V for           
3 minute. Figure 5.23 displays a graph of thickness vs. concentration of TiO2 
nanoparticles, the thickness slightly increases from 0.05 g ml-1 to 0.1 g ml-1 and levels 
off at ~ 6.25 m for 0.1 g ml-1 to 0.3 g ml-1. For high concentration of TiO2 
nanoparticles, the concentration of TiO2 near the collecting electrode is high, which 
makes the sample consist of two layers, an outer layer which has a weak bonding 
between the substrate and films that immediately will peel off during removal of the 
sample from EPD cells, and left the inner layer which is more adherent to the 
substrate (218). In this experiment, the critical thickness for the inner layer was at 
6.25 m. 
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Figure 5.23: Thickness vs. concentration of TiO2 nanoparticles (apparent pH 10.3) at 
applied voltage 5V for 3 minute deposition time. 
 
5.3.2.4 Deposition Time of TiO2 Nanoparticle Suspension 
 
In the deposition time experiment, it was expected that a thicker layer will be 
formed at longer deposition time. In order to avoid the peel off thicker layer which 
results from the drag force between the suspension and the surface of the wet 
deposit, the sample was carefully pulled upwards from the EPD cell and kept it in the 
horizontal position during the drying process. 
 
Figure 5.24 indicates that the thickness increased at the beginning of the deposition 
time, up to 3 minute, and then after 3 minute deposition time the thickness 
decreased. The high deposition rate at the beginning of the deposition was due to 
the higher field in the early stages of the process. Prolonged deposition time 
produced thicker TiO2 layers on the FTO substrate, that become a barrier for the TiO2 
to deposited on the FTO substrate, thus reduced the deposition rate.  
 
After 3 minute deposition time, a decrease of the TiO2 thickness was observed, 
which may be due to the reduced TiO2 nanoparticle bonding as the film become 
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thicker and the field lower or that the thicker the films flaked off in drying. Cracks 
were observed for the deposition beyond 3 minute. The formation of these cracks 
can be explained by considering the stress produced by the solvent during diffusion 
to the surface of the film to evaporate or the differences of the shrinkage rate 
between film and substrate during the drying process. The differences in shrinkage 
produced tensile stresses that lead to the formation and propagation of cracks.  In 
the present study a deposition time of 3 minute was found to be optimal condition 
to obtain high quality films. 
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Figure 5.24: Thickness vs. deposition time of 0.1 g ml-1 TiO2 nanoparticles (apparent 
pH 10.3) at applied voltage 5V. 
 
5.3.2.5 Summary Related to EPD Parameters of TiO2 Nanoparticle 
Suspension 
 
For the deposition of TiO2 nanoparticles, it was decided to choose conditions similar 
to those applied to deposit MUA capped CdSe. This is important to meet the main 
objectives of this research to deposit a mixture of MUA capped CdSe and TiO2 in one 
suspension media to form an interdigitated layer of CdSe and TiO2. 
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The apparent pH of the solution was adjusted to pH 10 – pH 11 by adding TMAH 
after the TiO2 nanoparticles were washed 1x and resuspend in ethanol. This made 
the TiO2 nanoparticles negatively charged and move towards anode under applied 
voltage. Applied voltages of 5 V and deposition time 3 minute were chosen to 
deposit TiO2 films on substrate for multilayer films by electrophoretic deposition. 
5.3.3 Behaviour of Deposition Current during EPD of TiO2 
Nanoparticles 
 
For TiO2 deposition the initial current between the electrodes was between 0.15 mA 
to 0.20 mA for applied voltage of 5V and TiO2 concentration of 0.1 g ml
-1. The current 
intensity measured during the experiments showed the current intensity slightly 
decreased with the deposition time from 0.165 mA to  0.140 mA in 120 sec at 
constant voltage. The reduction of the current density at the beginning of the 
deposition was due to the formation of an insulating layer on the FTO surface that 
produced a drop of the potential applied by ohmic resistance of the film. As shown in 
Figure 5.25. The same behaviour was also observed during the deposition of MUA 
capped CdSe.  
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Figure 5.25: Current intensity vs. time during electrophoretic deposition for TiO2 
nanoparticle with concentration of 0.1 g ml-1 and apparent pH 10.3. 
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5.3.4 Sintering Effect of TiO2 Nanoparticle Films 
 
As deposited TiO2 films were milky in colour due to the large particle size which is 
formed from agglomeration of nanoparticles on the substrate. The colour of the TiO2 
films remains the same after sintering in atmospheric condition. But the colour of 
TiO2 films change from milky to brownish after sintering in argon, which is due to 
oxygen deficiency (219) and (220). 
 
Figure 5.26 shows FE-SEM images of the sintered TiO2 films (top view) at different 
temperatures and conditions.  From the figure it is apparent that the TiO2 films have 
a porous structure for all sintering temperature. The SEM images display in Figure 
5.26 also shows that the morphology of the films does not depend strongly on the 
sintering temperature.  The presence of the porous structure on the films makes the 
film suitable for use in photoelectrochemical cells. Such morphology is good for 
efficient electrochemical cells, because fast and uninterrupted ionic charge transport 
can occur which prevents recombination losses. 
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                            Argon                                                                            Atmospheric 
Figure 5.26: SEM images of TiO2 film surface sintered at (a) 250
oC (b) 350oC (c) 450oC 
and (d) 550oC for 1 hr under argon flow (left) and atmospheric condition (right). 
 
(a) 
  
(b) 
  
(c) 
  
(d) 
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X-ray diffraction (XRD) analysis was performed under slow scan, 0.02 degree/sec 
between 20o and 30o, in order to measure the peak for TiO2 nanoparticle films on 
FTO substrate. The XRD patterns of electrophoretic deposited film was used to 
determine the TiO2 nanoparticle size after sintering from the peak broadening, 
following Debye-Scherrer equation in Chapter 3. The TiO2 nanoparticle powder 
shows anatase structure with diameter of 4.66 nm. In Figure 5.27 the anatase peak is 
shows at 2 = 25.3o and FTO peak at 2 = 26.6o. At low sintering temperature TiO2 
nanoparticle peak was not observed it may too broad a peak. As the temperature 
increases, the growth of TiO2 nanoparticles is favoured for both conditions, see Table 
5.7.  
 
Figure 5.27: XRD patterns of TiO2 nanoparticle sinter at 250
oC, 350oC, 450oC and 
550oC under two conditions (a) argon (b) atmospheric. Reference peak for FTO 
substrate is labelled FTO and reference peak for anatase is labelled A. 
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Table 5.7: The diameter of TiO2 after sintering under the flow of argon and 
atmospheric condition. 
Sintering temperature (oC)  Argon Atmospheric 
350 12.29 nm 15.18 nm 
450 14.89 nm 21.51 nm 
550 22.12 nm 23.46 nm 
 
5.4 Electrophoretic Co-deposition of CdSe-TiO2 
Nanoparticle 
 
Electrophoretic deposition can be used to deposit composite coatings which involve 
two or more different materials. Generally this can be done in two ways                      
(i) electrophoretic co-deposition (ii) sequential electrophoretic deposition. In 
electrophoretic co-deposition two materials are suspended in the same solution and 
under an applied electric field these two materials will move towards the same 
substrate which produces a composite layer in a single step. In this type of 
electrophoretic deposition, charge polarity of the materials could be the same or 
different. If the two materials have the same charge polarity, under the applied 
potential both materials would deposit on the same collecting electrode (135). In 
this case, it is possible to change the composition of the coating by varying the 
concentration of the two materials. However, if the materials have different charge 
polarity, the co-deposition can still be possible by one particle covering the surface 
of the other particle with the opposite charge (221) or by forming composite 
particles in the suspension following electrostatic attraction between opposite 
surface charges leading to heterocoagulation and upon application of the applied 
potential forming a composite deposit (222) . 
 
The sequential EPD, the two materials do not have to suspend in the same 
suspension or have the same charge polarity because the deposition will be carried 
out in a two-step process, or more depending on how many layers to deposit. In this 
EPD it is important that the first layer deposited has a good adherence to the 
substrate (223) and does not dissolve in the second suspension.  Sequential EPD is 
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suitable to deposit multi-layered architecture (224) (225) for reinforcement of 
composite. 
In this research, CdSe and TiO2 nanoparticles with the diameter in the range of      
3.04 nm to 3.26 nm and 4.66 nm respectively, were deposited on the FTO by using 
the electrophoretic co-deposition method. The CdSe-TiO2 deposited films are 
intended to be used for the semiconductor nanoparticle sensitised solar cells. 
 
5.4.1 Instrument and Method 
 
For electrophoretic co-deposition, the same EPD set-up as to deposit MUA capped 
CdSe and TiO2 was used. The deposition of CdSe-TiO2 nanoparticle films have been 
carried out from the ethanolic suspension containing CdSe ~ 1015 dots cm-3 and TiO2 
with different concentrations. Ethanol was chosen as the suspension media because 
it has been demonstrated that both CdSe (in section 5.2) and TiO2 (in section 5.3) 
nanoparticles can be deposited from this organic medium when the apparent pH of 
the mixture suspension was maintain between pH 10 to pH 11. 
 
The deposition was carried out by applying a potential of 5 V, individually both 
nanoparticles were uniformly deposited at this voltage. For the CdSe-TiO2                
co-deposition, the deposition time were studied between 3 - 9 minute. The distance 
between the electrodes was kept to 5 mm. Before the deposition of the CdSe-TiO2 
nanoparticle mixture, individual deposition of CdSe and TiO2 nanoparticles was first 
deposited in order to make sure that both of the nanoparticles can be deposited. 
Then, the nanoparticles were mixed and electrophoretic co-deposition commenced. 
 
5.4.2 Zeta Potential Measurement of Mixed MUA Capped CdSe-
TiO2 Nanoparticle Suspension 
 
Zeta potential experiments were performed to identify the sign of the nanoparticle 
suspension involve in the electrophoretic co-deposition. Five suspensions were 
analysed (i) MUA capped CdSe nanoparticle with diameter of 3.26 nm and 
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concentration of 2.34 X 1015 dots cm-3 (ii) TiO2 nanoparticle at concentration of       
0.1 g ml-1 (iii) a mixture of MUA capped CdSe and TiO2 at concentration of 0.05 g ml
-1 
(iv) a mixture of CdSe and TiO2 at concentration of 0.1 g ml
-1 (v) a mixture of CdSe 
and TiO2 at concentration of 0.15 g ml
-1. All the suspensions were prepared between 
apparent pH 10 to pH 11. Table 5.8 displays the results for zeta potential 
measurement, which show that all five suspension have a negative value indicated 
that all the nanoparticles were negatively charged. Under an applied electric field 
the nanoparticles moved towards the anode. This is a necessary condition to realize 
the electrophoretic co-deposition for producing composite films. 
 
Table 5.8: Zeta potential measurement for CdSe nanoparticles, TiO2 nanoparticles 
and mixture of MUA capped CdSe-TiO2 at TiO2 concentration of 0.5 g ml
-1, 0.1 g ml-1 
and 0.15 g ml-1. 
Nanoparticles Zeta potential (mV) Mobility (s-1/Vcm-1) 
CdSe nanoparticle -23.66  2.1 -0.47  0.04 
TiO2 nanoparticle (0.10 g ml
-1) -35.13  4.9 -0.70  0.10 
Mixture of CdSe-TiO2 (0.05 g ml
-1) -14.10  8.8 -0.28  0.18 
Mixture of CdSe-TiO2 (0.10 g ml
-1) -13.68  10.7 -0.27  0.21 
Mixture of CdSe-TiO2 (0.15 g ml
-1) -24.26  2.1 -0.48  0.12 
 
5.4.3 Deposition Time of CdSe-TiO2 Nanoparticle Suspension 
 
Suspensions containing 3.18 X 1015 dots cm-3 MUA capped CdSe at diameter of   3.26 
nm and 0.1 g ml-1 TiO2 nanoparticle were chosen for the electrophoretic co-
deposition thickness studied. The apparent pH of the suspensions was 10.76. The 
mixture was stirred for 5 minute to mix the two nanoparticles. Electrophoretic 
deposition was carried out by setting a constant voltage at 5V, deposition time in the 
range of 3 - 9 minute and electrodes were separated at 5 mm.  Figure 5.28, shows 
images of the deposited films at 3 minute, 6 minute and 9 minute deposition time. 
From the image, both nanoparticles were deposited on the substrate, the coloration 
of the films is not as intense as MUA capped CdSe film only.  
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Figure 5.28: The image of MUA capped CdSe-TiO2 nanoparticles films after (a) 3 
minute (b) 6 minute (c) 9 minute deposition time and (d) MUA capped CdSe film. 
 
Figure 5.29 displays the graph of thickness vs. deposition time for the mixed sols of 
MUA capped CdSe and TiO2 nanoparticles. The graph shows a slight increase in the 
thickness between 3 minute and 9 minute deposition time. The growth of the 
thickness at longer deposition time was limited by electrical resistance of the 
deposit. It is well known from the literature that film thickness increases rapidly at 
the early stage of deposition and then become saturated gradually at longer 
deposition time (130) (226). This is in agreement with the current decrease with 
time, as observed in Figure 5.30.  
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Figure 5.29: Thickness vs. deposition time for mixture containing 3.18 X 1015 dots    
cm-3 CdSe and 0.05 g ml-1 TiO2 nanoparticle (apparent pH 10.76) at applied voltage 
5V. 
 
(a) (b) (c) (d) 
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5.4.4 Behaviour of Deposition Current during EPD of CdSe-TiO2 
Nanoparticle 
 
For a mixture of CdSe-TiO2 nanoparticles the initial current between the electrodes 
was between 0.15 mA to 0.25 mA for an applied voltage of 5V. The MUA capped 
CdSe with diameter of 3.26 nm and concentration of 2.32 X 1015 dots cm-3, and        
0.1 g ml-1 of TiO2 concentration. As seen in Figure 5.30, the deposition current 
decreased with time. The current reduced to 0.17 mA in 120 sec at constant 
voltage which due to a drop of the difference of potential and therefore of the 
electric field. Similar behaviour was also observed during the depositions of MUA 
capped CdSe and TiO2 nanoparticle films.  
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Figure 5.30: Current vs. deposition time for mixture of CdSe-TiO2 nanoparticles, with 
the concentration of CdSe 2.32 X 1015 dots cm-3 and TiO2 0.1 g ml
-1. 
 
5.5 Photocurrent Measurements 
 
The mechanism of photocurrent production is demonstrated in Figure 5.31. When an 
electrode coated with CdSe nanoparticles is illuminated with light of sufficient 
energy, light will be absorbed by the nanoparticle and an electron-hole pair created 
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(indicated by arrow 1). The photoexcited electrons transfer to the substrate 
(indicated by arrow 2a) and they are transported away from SnO2 surface to an 
external circuit. Holes are removed by electrolyte (indicated by arrow 2b). Therefore 
to produce a photocurrent it is required that the photoexcited dots are in contact 
with the substrate and electrolyte, if the nanoparticle is not immediately in contact 
with the electrolyte, the photoexcited hole could recombine with photoexcited 
electrons and no photocurrent would be produced.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.31: A schematic diagram of photocurrent mechanism. 
 
 
The position of the Fermi level of the substrate is important. The Fermi level of the 
substrate must be below the conduction band of the semiconductor nanoparticle in 
order for the electron to transfer to the substrate. If the Fermi level is too high, no 
electron would transfer to the Fermi level of the substrate (refer to Figure 5.32). 
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(a)                                                                                (b) 
Figure 5.32: Schematic diagram of photoexcited electron transfer from the bottom of 
conduction band of CdSe nanoparticle to SnO2 Fermi level. The electron transfer only 
occurs if the Fermi level of the substrate lowers than the bottom of the CdSe 
conduction band. 
 
 
Photocurrent spectroscopy was employed in this research in order to study the 
photoelectrochemical behaviour of the nanoparticle films deposited by 
electrophoretic deposition. First, photocurrent measurements were carried out on a 
single layer of TOPO capped CdSe, MUA capped CdSe, TiO2 nanoparticles and then 
mixed of MUA capped CdSe with TiO2 nanoparticles films deposited on FTO. The 
optimum conditions for the photocurrent measurements were investigated for each 
single layer deposition.  Then the photocurrent of two layer deposit of the MUA 
capped CdSe deposited on electrophoretically deposited TiO2 on FTO and MUA 
capped CdSe-TiO2 mixed sols on electrophoretically deposited TiO2 on FTO were 
measured. Finally, the photocurrent of three layers, MUA CdSe deposited on MUA 
capped CdSe-TiO2 layer/TiO2/FTO, where all layer were deposited by electrophoretic 
deposition were considered.  In order to avoid degradation of the electrodes during 
the photocurrent measurement, each electrode was used only once, except in the 
frequency studies.  
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5.5.1 Photocurrent Measurement of TOPO Capped CdSe/FTO 
 
The TOPO capped CdSe electrode was prepared from 2.44 nm TOPO capped CdSe 
with concentration of 7.0 X 1015 dots cm-3 suspended in hexane.  The FTO substrate 
was first silanised with MPTMS before the deposition. The electrophoretic 
deposition was carried at 940 V for 1 hr. Deposited films of thickness 1.22 μm were 
used for the photocurrent measurements. 
 
Photocurrent spectroscopy was performed in 1 mol dm-3 Na2SO3 electrolyte at         
pH 10.3, which is the natural pH of the electrolyte.  The incident light was chopped 
at 17 Hz and the cell potential was  0 V vs. Ag/AgCl/3 M KCl. The incident light was 
scanned from 700 to 400 nm, results show no photocurrent was detected. The scan 
was repeated with electrolytes of pH of 5, 6, 7, 8 and 12. In order to prepare the 
acidic pH sulphuric acid was added to the electrolyte and the basic pHs were 
achieved by adding NaOH and Na2HPO4. A 50 ml of 0.05 molar Na2HPO4 add to x ml 
of 0.1 molar of NaOH, where x = 20.5 ml for pH 8 and x = 26.9 ml for pH 12.The scans 
were also repeated at lower chopping frequency of 0.5 Hz. By changing the 
electrolyte pH and chopper frequency still no photocurrent was observed.  
 
The photocurrent measurement for TOPO capped CdSe was also repeated at 
different applied potential of the cell, in the range of 0 V to +1.0 V vs. Ag/AgCl/3 mol 
dm-3 KCl, but still no photocurrent was observed. 
 
5.5.1.1 Discussion on Photocurrent Measurement of TOPO Capped CdSe  
 
The absence of photocurrent can be explained by the TOPO ligand on the CdSe 
surface. TOPO ligands are naturally hydrophobic ligands, which will not suspend in 
aqueous solution. This ligand will block the electrolyte from penetrating to the 
nanoparticle surface. Indicating that when the electron-hole are generated they do 
not separate as the electrolyte is not in contact with the nanoparticles, the 
photoexcited hole cannot be removed by the electrolyte. Thus, the photoexcited 
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hole tends to recombine with an electron, either photogenerated electron or an 
electron from the substrate. 
 
It was also observed that after the sample was removed from the 
phoelectrochemical cell the electrolyte solution did not wet the TOPO capped CdSe 
films, indicating that the TOPO capped CdSe film was hydrophobic.  
 
Another possibility as to why the photoexcited electron is not transferred to the 
Fermi level of the substrate is because the position of the substrate Fermi level is 
higher than the conduction band of the semiconductor nanoparticles. Lowering the 
Fermi level of the substrate can be done by altering the pH of the electrolyte and 
increasing the potential of the cell to positive value. 
 
When an oxide MOX, in this research it can be either TiO2 or SnO2, is immersed in the 
aqueous solution the absorbed ions are usually H+ (hydrogen ions) and OH- 
(hydroxide ions), depending on the pH of the solution. If the pH is high, the 
hydroxide ions are absorbed on to the metal component of the oxide compound and 
form a negatively charge surface (equation 5.4). On the other hand, if the pH of the 
solution is low and it becomes more acidic where the hydrogen ion is absorb on to 
the oxygen atoms which lack full coordination and forms a positively charged surface 
(equation 5.5). The lack of full coordination of the H+ binding leads to lower energy 
levels at the oxide surface due to relieving of the high surface state energy. Hence, 
increase the probability of photoexcited electron of the semiconductor nanoparticles 
being transferred to the oxide. Therefore, it is expected that by altering the pH of the 
electrolyte to acidic would increase the IPCE of the TOPO capped CdSe. 
 
At high pH 
(    )       
       (   )       
        5.4 
 
At low pH 
(    )       
      (     )       
   5.5 
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The results from the photocurrent spectra of the TOPO capped CdSe show that no 
photocurrent is measured either by altering the pH of the electrolyte or increasing 
the potential of the cell. 
 
Because no photocurrents were observed from TOPO capped CdSe, the capping 
agent of the CdSe was changed to hydrophilic ligands, and MUA was chosen to as a 
hydrophilic ligand. 
 
5.5.2 Photocurrent Measurement of MUA capped CdSe/FTO 
 
MUA capped CdSe nanoparticles with diameters in the range of 2.94 – 3.26 nm were 
used to determine the optimum conditions for measuring the photocurrent of the 
deposited films. The MUA capped CdSe was electrophoretically deposited at 5V for   
5 minute for all samples. All photocurrent measurements were performed at 0 V vs. 
Ag/AgCl/3 mol dm-3 KCl. From the photocurrent measurement the band gap 
following various sintering temperatures of the MUA capped CdSe were also 
obtained. 
 
5.5.2.1 Frequency Dependence of IPCE  
 
The photocurrent spectra present a first exciton peak at 400 nm, which is lower than 
the peak from absorption spectra at 545 nm, refer to Figure 5.33. Light chopping,   
17 Hz and 0.5 Hz, were used on electrodes in 1 mol dm-3 Na2SO3 electrolyte at          
pH 10.3 and an applied potential of 0 V. The IPCE results are displayed in            
Figure 5.33. The results show at lower frequency a higher IPCE value is obtained. This 
kind of behaviour is common in the dye sensitised solar cells, where the 
photocurrent rise-time depends on the illumination intensity (55). If low light 
intensity is used in conventional photocurrent spectroscopy, the rise-time of these 
cells can be as slow as several seconds (227). At the lowest possible chopping 
frequency it is possible to measure the photocurrent as the electrodes were exposed 
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to incident light for a longer time, which allows enough time for the electron to 
transfer to the substrate (228). 
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Figure 5.33: Photocurrent spectroscopy at frequency 17 Hz and 0.5 Hz of 2.94 nm 
MUA capped CdSe deposited on FTO by electrophoretic deposition. The 
photocurrent was performed in 1 mol dm-3 Na2SO3 electrolyte at pH 10.3 and the cell 
potential was set to 0 V. 
 
5.5.2.2 The pH of Electrolyte 
 
The electrolytes were prepared at pH 5, 6, 7, 8, 10.3, which is the natural pH of the 
electrolyte, and pH 12 of 1 mol dm-3 Na2SO3 electrolyte. The same procedure in 
section 5.5.1 was used in order to prepare the acidic and basic electrolyte. The pH of 
the solution was measured by using Orion 2 Star pH benchtop from Thermo Electron 
Corporation and calibrated with three different pH buffered (pH 4, pH 9.2 and pH 12) 
solution every time before measuring the pH of the electrolyte. The incident light 
was chopped at 0.5 Hz and the cell potential was set at 0 V vs. Ag/AgCl/ 3 mol dm-3 
KCl. 
 
The results of the electrolyte pH studies are display in Figure 5.34, the highest IPCE 
was obtained at pH 7 and the lowest IPCE was at pH 12. As discussed earlier in 
section 5.5.1, altering the pH of electrolyte more acidic lowers the Fermi level of the 
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substrate. In this experiment, the results were not as expected, the low pH show low 
IPCE value. By altering the pHs of electrolyte to acidic (low pH), lead to lowering the 
Fermi level of substrate. At pH 5 and 6, the Fermi level were lower to below the 
surface state band energy, which leads to some of the photoexcited  electron 
transfer to Fermi level of substrate transferring back to surface states on 
semiconductor nanoparticle giving a low photocurrent (refer to Figure 5.35). The 
surface states result from the dangling chemical bonds on the surface of 
semiconductors nanoparticle. For CdSe nanoparticles, the surface state form due to 
incomplete coordination of Cd or Se at the nanoparticles surface, which may be 
caused by the washing procedure. Normally, for high quality nanoparticles, these 
states will be passivated by stabilising ligands bound to the CdSe surface.  
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Figure 5.34: Photocurrent spectroscopy of 2.94 nm MUA capped CdSe deposited on 
FTO by electrophoretic deposition at various pH of 1 mol dm-3 Na2SO3 electrolyte and 
the cell potential was set to 0 V. 
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Figure 5.35: Schematic diagram of back electron transfer of photoexcited electron to 
surface state from SnO2 conducting substrate after photoexcitation of MUA capped 
CdSe. 
 
5.5.2.3 Potential of the Cell 
 
In this experiment photocurrent spectra were measured in 1 mol dm-3 Na2SO3 at     
pH 7 and the frequency of the chopper was set to 0.5 Hz. The potential of the cell 
were studied in the range of 0 V to +0.4 V vs Ag/AgCl/3 mol dm-3 KCl and the sign of 
the photocurrent were monitored. From the results in Figure 5.36, show that by 
increasing the potential of the cell to positive values a significant increase in the IPCE 
value results. As the potential of the cells were shifted to positive value it would 
lower the Fermi level of the substrate which makes electrons in the conduction band 
of MUA capped CdSe jump into the Fermi level of the substrate and produce 
photocurrent. The + 0.4 V vs. Ag/AgCl/ 3 mol dm-3 KCl was used for the next 
photocurrent measurement of the MUA capped CdSe. 
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Figure 5.36: Photocurrent spectroscopy at various cell potentials vs. Ag/AgCl/ 3 mol 
dm-3 KCl of 2.94 nm MUA capped CdSe deposited on FTO by electrophoretic 
deposition. The photocurrent was performed in 1 mol dm-3 Na2SO3 electrolyte at     
pH 7. 
 
 
5.5.2.4 Effect of Deposition Time of MUA Capped CdSe on IPCE 
 
In this experiment the same samples from section 5.2.2.4 were used. The sample 
were prepared from MUA capped CdSe with the particle size 3.04 nm at 3.67 X 1015 
dots cm-3 concentration. The voltage applied was 5 V and deposition times in the 
range of 30 s to 15 minute were studied. 
 
The photocurrent spectra were measured out in 1 mol dm-3 solution of Na2SO3 
adjusted to pH 7. The light was chopped at frequency 0.5 Hz and +0.4 V vs Ag/AgCl/ 
3 mol dm-3 KCl was applied to the cells. 
 
From Figure 5.37 as deposition time increased up to 5 minute, i.e. as the film 
become thicker the IPCE value increased. After 5 minute deposition time, the 
thickness is more constant but the IPCE value is increasing up to 9 minute and 
decreased after 9 minute deposition. 
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The IPCE value increased for the first 5 minute, due to amount of MUA capped CdSe 
deposited increase on the substrate. See Figure 5.38, for thin films most of the 
photoexcited  electron-holes generated near to the substrate, where electrons pass 
through the short pathway to transfer to the Fermi level of the substrate. For 
deposition time 7 minute and 9 minute, the IPCE values increase, although the 
measured thickness is about same as thickness at 5 minute deposition time. The 
increased IPCE may be caused by the cracks generated on the films at deposition 
time of 7 minute and 9 minute (refer to Figure 5.14). These cracks increase 
electrolyte contact through the entire electrode, which also provide a better 
photoexcited electron transfer to the substrate without pass through the 
nanoparticle that make electrons more susceptible to recombination along the way 
to the substrate. At deposition time 9 minute to 15 minute the IPCE value decreases 
because the crack length becomes bigger and leads to delamination of the MUA 
capped CdSe films, which results in less nanoparticles on the films to generate 
photoexcited electrons to transfer to the substrate. Figure 5.38, is a schematic 
diagram of electrolyte contact with individual nanoparticle.  
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Figure 5.37: Relation between the IPCE and thickness of MUA capped CdSe for 
electrophoretic deposition time from 1 minute up to 15 minute.  
 
 
 
 
 
 
 
 
 
 
 
Figure 5.38: Schematic diagram of electrolyte contact with individual nanoparticles. 
Under illumination electron-hole pairs were produced from one nanoparticle. The 
holes is removed by electrolyte and the electron pass thru several nanoparticles 
before reaching the substrate. 
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5.5.2.5 Sintering Effect on Band Gap  
 
For the sintering studies, MUA capped CdSe with diameter of 2.94 nm was used in a 
sol of concentration of 4.26 X 1015 dots cm-3. The MUA capped CdSe nanoparticles 
were deposited at an applied voltage of 5V for 5 minute.  The CdSe film deposited 
show an orange film deposited on the substrate. The MUA capped CdSe films were 
subjected to five different sintering temperatures, 75oC, 150oC, 250oC, 350oC and 
450oC, with a holding time of 1 hr. 
 
The photocurrent was measure in 1 mol dm-3 Na2SO3 buffered at pH 7. The light was 
chopped at 0.5 Hz and + 0.4 V vs Ag/AgCl/3 mol dm-3 KCl potential was applied to the 
substrate.  
 
In the literature it has been reported by Murray et al. that for CdSe nanoparticles a 
size of 3.2 nm the band gap is about 2.30 eV (17).  In this experiment, for MUA 
capped CdSe not sintered films with diameter of 2.94 nm give the band gap of       
2.60 eV measured by photocurrent spectroscopy, which showed a 0.90 eV blue shift 
from the standard band gap value of bulk material (Eg = 1.7 eV). Equation 5.6 can be 
used to generate plots from which the band gap energy, Eg, of the MUA capped CdSe 
films can be determined. 
 
(         )   (     )  5.6 
 
Figure 5.39, shows extrapolation of the linear part of the resulting curve, the value of 
band gap and the related data is shown in Table 5.9. Increasing the sintering 
temperature results in band gap was decrease, which may be due to the increase of 
the MUA capped CdSe particles size as reported by  Bandaranayake et al. (229). It is 
clear that the sintering temperature causes the particles to coalesce or diffuse into 
each other to form bigger particles, which was also shown by the change in the color 
of the CdSe films, from orange to dark brown and finally into grey ( refer to Figure 
5.17). In addition, the thermal sintering would also causes a structural transition 
from the cubic to hexagonal structure of the bulk CdSe (229). Further increase of the 
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sintering temperature results in continuous decrease in the Eg. If the Eg reaches the 
standard band gap for bulk CdSe, the confinement effects of semiconductor 
nanoparticles disappears. From the results obtained, the properties of CdSe thin 
films can be designed by controlling the temperature and duration of the sintering 
process. 
 
Sintering the MUA capped CdSe films does not show any improvement on the IPCE 
value. The IPCE is much higher for not sintered films compared to sintered films. This 
may be due to evaporation of some MUA from CdSe surface when subjected to high 
temperature (> 50oC). Removal of MUA ligand on the CdSe surface leaves the surface 
with Cd and Se sites which introduce more surface traps leading to fewer electrons 
transferred to the substrate and reduced the IPCE of the films. Owing to this reason, 
sintering of MUA capped CdSe is not necessary for improving the IPCE.  
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Figure 5.39: Plots of (IPCE x hv)2 (% eV)2 vs. h (eV) for different sintering 
temperature  of MUA capped CdSe film deposited on FTO by EPD. 
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Table 5.9: Band gap of MUA capped CdSe films through different sintering 
temperature. 
Sintering temperature Band gap (eV) IPCE at first exciton peak / % 
Not sinter 2.60 1.1 
75oC 2.40 0.03 
150oC 2.28 0.37 
250oC 2.06 0.27 
350oC 1.96 0.25 
450oC 1.98 0.35 
 
 
5.5.3 Photocurrent Measurement of TiO2/FTO 
 
The TiO2 nanoparticles with diameter of 4.66 nm were used to study the optimum 
condition for measuring the photocurrent of the deposited films. The TiO2 
nanoparticles were electrophoretically deposited from 0.1 g ml-1 at 5V for 3 minute 
for all samples used in this section. All photocurrent measurement was performed at 
0 V vs. Ag/AgCl/3 M KCl except for the studies of potential of the cell.  
 
5.5.3.1 Frequency Dependence of IPCE 
 
The TiO2 nanoparticles exhibit an exciton peak at 340 nm corresponding to a band 
gap of 3.2 eV, indicating that the TiO2 nanoparticles have an anatase structure. This 
is consistent with XRD data in section 4.4.3.1 in Chapter 4. 
 
Photocurrent spectroscopy was run at frequencies of 0.5 Hz and 17 Hz in 1 mol dm-3 
Na2SO3 at pH 10.3. Figure 5.40 shows, the results for lower frequency give higher 
IPCE value about three times greater than the IPCE value at higher frequency. This is 
because of the slow photocurrent response of the TiO2 nanoparticles layer to the 
incident light. In conventional photocurrent spectroscopy low light intensity was 
used. At low light intensities the donation of electron from donor level to conduction 
bands are very slow (227). The photocurrent rise time of the cell was between 10 to 
20 sec (230). Results on the measurement of photocurrent are very difficult because 
of the slow response. The low frequency allows the light to illuminate the electrode 
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at longer times, which gives ample time for the electron to transfer to the substrate. 
The same results were also seen for the MUA capped CdSe. 
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Figure 5.40: Photocurrent spectroscopy at frequency 17 Hz and 0.5 Hz of 4.66nm 
TiO2 nanoparticles film deposited on FTO by electrophoretic deposition. The 
photocurrent was performed in 1 mol dm-3 Na2SO3 electrolyte at pH 10.3 and the cell 
potential was set to 0 V. 
 
5.5.3.2 The pH of Electrolyte 
 
In order to prepare the pH of the electrolyte the same procedure as in section 
5.5.2.2 was used. 
 
Figure 5.41 shows that higher IPCE values were observed at pH 10.3 which is the 
natural pH of the 1 mol dm-3 of Na2SO3 and the lowest IPCE was observed at pH 12. 
In this case both the nanoparticles and the SnO2 substrate were oxide. However 
SnO2 is non-Nernstian in response due to its semi-metal nature, where the band 
edge does not change as much when changing the pH of the electrolyte. Altering the 
pH of electrolyte to more acidic value would lower the band edge of the TiO2 
nanoparticles. More at higher pH, electrons in conduction band of TiO2 were filling in 
the donor level of the TiO2 due to the small energy differences.  Lowering the band 
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edge, make the donor level position above the conduction band of SnO2, will make 
the electrons transfer to the conduction band of the SnO2. Further decreasing the pH 
of electrolyte will make the conduction band of TiO2 and SnO2 the same, fewer 
electrons will transfer to the SnO2 resulting in low photocurrent (see Figure 5.42). 
The pH of 10.3 was chosen to be used in the next experiment on the photocurrent 
measurement of the TiO2 nanoparticle due it give highest IPCE value and easy 
preparation of natural pH. 
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Figure 5.41: Photocurrent spectroscopy of 4.66 nm TiO2 nanoparticles film deposited 
on FTO by electrophoretic deposition at various pH of 1 mol dm-3 Na2SO3 electrolyte 
and the cell potential was set to 0 V. 
 
 
 
 
 
 
 
 
 
Figure 5.42: Schematic diagram of the effect of electrolyte pH on the surface band 
energy of TiO2. 
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5.5.3.3 Potential of the Cell 
 
Shifting the potential of the cell positive also lowers the substrate Fermi level. 
Potentials were studied in the range of 0 V to +0.4 V vs. Ag/AgCl/3 mol dm-3 KCl. The 
resulting IPCE graph is displayed in Figure 5.43. A strong signal was observed but the 
IPCE value was not improved as the potential of the working electrode shifted to 
positive value. From the result obtained +0 V vs. Ag/AgCl/ 3 M KCl was used for the 
next photocurrent measurement of the TiO2 nanoparticle. 
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Figure 5.43: Photocurrent spectroscopy various potential vs. Ag/AgCl/ 3 mol dm-3 KCl 
of 4.66 nm TiO2 nanoparticles film deposited on FTO by electrophoretic deposition. 
The photocurrent was performed in 1 mol dm-3 Na2SO3 electrolyte at pH 10.3.  
 
5.5.3.4 Effect of Deposition Time of TiO2 Nanoparticle on IPCE 
 
The electrodes used in this experiment are the same electrodes as in section 5.3.2.4. 
A TiO2 sol containing nanoparticle of size 4.66 nm and concentration at 0.1 g ml
-1 
was electrophoretically deposited on the substrate under a constant voltage of 5 V. 
 
Photocurrent spectra were recorded in 1 mol dm-3 Na2SO3 at natural pH of 10.3 and 
0 V vs. Ag/AgCl/ 3 mol dm-3 KCl of cell potential. The light was chopped at 0.5 Hz. 
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The IPCE value was taken at the first exciton peak of 350 nm. The results obtained 
are plotted in Figure 5.44. They indicate that the IPCE increased with deposition time 
up to 3 minute. From 4 minute deposition time to 6 min the IPCE decreased and 
from 7 minute to 10 minute deposition no IPCE was obtained.  
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Figure 5.44: Relation between the IPCE and thickness of TiO2 nanoparticles for 
electrophoretic deposition at different deposition time. 
 
 
For deposition times from 0.5 minute up to 3 minute deposition a smooth film 
without any crack visible to eye was produced. Increasing of the IPCE value was also 
observed, the thicker layer have a high surface area contact with electrolyte hence 
increased electron transfer to the conducting substrate. As shown in Figure 5.45 
below, the deposited films have porous structures that allow the electrolyte to 
penetrate throughout the film and make a good contact between the TiO2 and 
electrolyte. 
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Figure 5.45: SEM images from top view of porous structure of TiO2 nanoparticles film 
deposited by EPD. 
 
At deposition times of 4 minute to 10 minute, cracks can be observed on the films. 
This is a reason for the IPCE to decrease after 4 minute deposition up to 6 minute. 
The cracked films do adhere strongly to the substrate. When these electrodes are 
immersed in the electrolyte for the photocurrent measurement, some part of this 
layer peeled off due to the surface tension between the film and electrolyte, leaving 
less TiO2 nanoparticles on the substrate to generate photocurrent. Films after            
6 minute were not tested because of the quality of the layer deteriorated causing 
partial exfoliation at the centre of the film. From Figure 5.44, the thickness graph 
shows a value because the thickness of the films was measured at the edge of the 
film and the substrate.  
 
5.5.4 Photocurrent Measurement of Mixed MUA Capped CdSe-
TiO2 Nanoparticles 
 
The TiO2 nanoparticles with diameter of 4.66 nm and MUA capped CdSe with 
diameter of 3.04 nm were used to study the optimum condition for measuring the 
photocurrent of the mixed MUA capped CdSe and TiO2 nanoparticles deposited film. 
Concentration of 0.1 g ml-1 of TiO2 nanoparticles was used because it produces 
smooth film and with fewer cracks. The mixtures were first stirred for 5 minute 
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before the deposition and immediately deposited after the stirring. The mixture was 
electrophoretically deposited at 5V for 3 minute for all samples used in this section, 
except for the deposition time studies.  
 
Result for ICP measurements of the mixed solution before deposition and the 
deposited layer after deposition were shown in Table 5.10. The results show that the 
ratio of Cd/Ti before and after deposition was the same, which is one atom of Cd 
would bind to one atom of Ti. This result shows that TiO2 and CdSe were anchoring 
to each other and formed interdigitated layer upon application of constant voltage. 
In addition, the 1:1 ratio of Cd and Ti also indicate that both nanoparticle deposit at 
the same deposition rate. 
 
Table 5.10: ICP results of Cd and Ti concentration, before and after deposition. 
 Cd (ppm) Ti (ppm) Cd / Ti 
Before deposition 936.5 817.8 1.15  1.00 
After deposition 104.1 94.1 1.11  1.00 
 
 
The deposited layer consists of interdigitated layer of MUA capped CdSe and TiO2 
nanoparticles, it is expected more photoexcited electrons from MUA capped CdSe 
will inject to the Fermi level of TiO2 nanoparticles due to increased contact between 
MUA capped CdSe and TiO2 nanoparticles.  
 
Figure 5.46, shows the photocurrent mechanism involved between MUA capped 
CdSe and TiO2 nanoparticles when they are in contact.  Under illumination, the CdSe 
semiconductor nanoparticles will absorb light, creating electron-holes pairs, 
indicated by arrow 1. Instead of recombining back with the holes in the valence 
band, the photoexcited electrons are injected into the conduction band of TiO2 
nanoparticles due to the narrow energy differences between CdSe and TiO2 
nanoparticles, arrow 2b. The transfer is only allowed in one direction from CdSe to 
TiO2 but blocked in the reverse direction due to the effect of band bending in TiO2 
nanoparticles. Then the electron is transported from the TiO2 layer into the SnO2 
substrate, arrow 3.  The TiO2 nanoparticles act as a blocking layer to prevent loss due 
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to recombination of photoexcited electron in conduction band of CdSe to the hole of 
the conducting medium. The holes were removed by the electrolyte, arrow 2a. There 
are many possibilities of loss mechanisms in these films which leading to loss in 
photocurrent, such as the back electron transfer and surface trapping (arrow 4) of 
photoexcited electrons which would reduce the photocurrent. 
 
 
 
 
 
 
 
 
 
 
Figure 5.46: Schematic diagram of the mechanism of electron transported to Fermi 
level of SnO2 substrate via TiO2 layer and the mechanism of back electron transfer to 
surface state (SS) of CdSe. 
 
 
The photocurrent spectra was run at 0.5 Hz in 1 mol dm-3 Na2SO3 at pH 7 and 
potential of the cells at + 0.4 V. From Figure 5.47, the maximum IPCE peak occurs at 
first maximum peak, 525 nm, with the highest IPCE at 0.048 %. The absorption peak 
of the CdSe nanoparticles used in this electrode was at 545 nm.  
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Figure 5.47: Photocurrent spectra of mix CdSe-TiO2 nanoparticles film. The 
photocurrent was performed in 1 mol dm-3 electrolyte at pH 7 and the cell potential 
was set to +0.4 V. 
 
 
The low IPCE may occur owing to the failure to collect excited electrons generated 
from single CdSe nanoparticle transfer to the TiO2. The TiO2 is in contact with 
multiple CdSe nanoparticles. The electrons from TiO2 conduction band are not able 
to transfer to the conduction band of the second CdSe due the conduction band of 
CdSe higher than conduction band of TiO2. On the other hand, the electron would 
probably fill in the surface state which is located below the conduction band of TiO2, 
refer to Figure 5.48. This structure can be improved by attaining a monolayer of 
interdigitated layer directly on TiO2 coating or on the conductive substrate, where 
semiconductor nanoparticles would have more contact with the oxide. Besides, the 
monolayer of CdSe-TiO2 will also minimizing the loss of carrier charges at grain 
boundaries, a problem due to thicker layer electrode. 
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Figure 5.48: Schematic diagram of electron transfer from single excited CdSe 
nanoparticle to TiO2 nanoparticle which was connected to another CdSe 
semiconductor nanoparticle.  
 
5.5.4.1 The pH of Electrolyte 
 
The mixed electrodes were prepare by adding 1.5 ml of 2.27 x 1015 dots cm-3 MUA 
capped CdSe into 1.5 ml of 0.1 g ml-1 TiO2 nanoparticles and the mixture were stir for 
5 minute before the electrophoretic deposition.  
 
The photocurrent measurements were carried out in 1 mol dm-3 Na2SO3 and 
potential of 0 V vs. Ag/AgCl/3 M KCl was applied to the cell. The light was chopped at 
0.5 Hz and the pH of the electrolyte was prepared as the same procedure in section 
5.5.1. 
 
A very weak signal was observed from base electrolyte and strong signal was 
obtained from acidic electrolyte solution. Lowering the pH of electrolyte would also 
lowered the band edge of TiO2 resulting in enhanced photocurrent. The result show 
in Figure 5.49 indicates pH 7 should be used as the pH of electrolyte for the 
photocurrent measurement of the mix MUA capped CdSe-TiO2 nanoparticles film. 
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Figure 5.49: Photocurrent spectroscopy of mixed MUA capped CdSe and TiO2 
nanoparticles film deposited on FTO by electrophoretic deposition at various pH of    
1 mol dm-3 Na2SO3 electrolyte and the cell potential was set to 0 V. 
 
5.5.4.2 Potential of the Cell 
 
The electrodes were prepared using the same procedure in section 5.5.4.1. 
 
The photocurrent measurements were carried out in 1 mol dm-3 Na2SO3 electrolyte 
solution and the pH was adjusted to pH 7. The potential applied to the cell was 
studied at 0 V, + 0.2 V and + 0.4 V vs. Ag/AgCl/3 M KCl. The light was chopped at      
0.5 Hz. 
 
Applying positive potential to the cells shifts the Fermi level of the TiO2 to lower 
level, and enhances the photocurrent. Figure 5.50, at potential of + 0.4 V show high 
value of IPCE compared to 0 V and + 0.2 V. The + 0.4 V potential would be applied to 
the cells for photocurrent measurement of mix CdSe-TiO2 nanoparticles electrode.  
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Figure 5.50: Photocurrent spectroscopy various potential vs. Ag/AgCl/ 3 mol dm-3 KCl 
of mixed MUA capped CdSe and TiO2 nanoparticles film deposited on FTO by EPD. 
The photocurrent was performed in 1 mol dm-3 Na2SO3 electrolyte at pH 7. 
 
5.5.4.3 Effect of Deposition Time of Mixed MUA Capped CdSe-TiO2 
Nanoparticles on IPCE 
 
The electrodes used in this measurement were prepared as in section 5.4.3. The 
mixed CdSe-TiO2 nanoparticles were deposited at 3 minute, 6 minute and 9 minute 
upon application of 5 V constant voltage. 
 
The graph plotted in Figure 5.51, shows that 9 minute deposition give highest IPCE 
value, followed by 6 minute and then 3 minute deposition time, due to increasing 
film thickness. The results suggest that thicker film show the highest value of 
photocurrent.  This may be related to the increase in injection of electron from 
excited CdSe nanoparticles to the conduction band of TiO2, arising from the 
increased amount of deposited CdSe. Even though the IPCE values increases with 
deposition time or thickness, the IPCE value remains low. The low IPCE obtained may 
be related to the above-mentioned back transfer of electron from TiO2 layer into 
trap states of CdSe nanoparticles. Besides, increasing the film thickness with 
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deposition time leads to an increase of grain boundaries which are susceptible to 
electron recombination loss. 
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Figure 5.51: IPCE spectra of mixed MUA capped CdSe - TiO2 nanoparticles for 
deposition time at 3 minute, 6 minute and 9 minute. The photocurrent was 
performed in 1 mol dm-3 Na2SO3 electrolyte at pH 7 and the cell potential was set to 
+0.4 V. 
 
5.5.5 Photocurrent Measurement of CdSe on TiO2/FTO 
 
This experiment was performed, to investigate whether or not the CdSe 
nanoparticles under electrophoretic deposition would diffuse into the porous 
structure of the TiO2 nanoparticle film deposited by electrophoretic deposition.  
 
First the TiO2 nanoparticles were deposited on FTO. The TiO2 nanoparticles at        
4.66 nm and concentration of 0.1 g ml-1 were used. The electrophoretic deposition 
was carried out at 5 V for 0.5 minute. Low deposition time was chosen, in order to 
avoid too thick TiO2 layers forming on the FTO which later will peel off during the 
deposition of second layer. The deposited layer was then dried in air and sintered at 
450oC to increases the electrical contact between TiO2 and the FTO. Then the second 
layer was deposited on MUA capped CdSe. MUA capped CdSe nanoparticles with 
diameter of 3.26 nm and concentration of 2.34 X 1015 dots cm-3 were used for the 
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electrophoretic deposition. After the second deposition, the colour of TiO2 films was 
change from milky white to orange, indicating that MUA capped CdSe nanoparticles 
were deposited on the TiO2/FTO electrode. 
 
Since the first layer is the MUA capped CdSe, the photocurrent were measured 
following the optimum condition for MUA capped CdSe. The 1 mol dm3 electrolyte 
solution was prepared at pH 7 and the potential was applied at + 0.4 V vs. Ag/AgCl/   
3 M KCl. The light was chopped at 0.5 Hz.  
 
Figure 5.52 show the photocurrent spectrum of the CdSe/TiO2/FTO film. The first 
exciton peak was observed at 540 nm, which is the about the same absorption peak 
of the CdSe nanoparticles used in this experiment, 560 nm. The IPCE value obtained 
was low about 0.02 %, if compared to IPCE value of CdSe on FTO ~ 0.4 %. The reason 
why low IPCE were observed for CdSe/TiO2/FTO electrode is that the photoexcited 
electron generated in CdSe/TiO2/FTO must pass through the thick layer of TiO2, 
before having the opportunity of injecting electron into the substrate. This will slow 
down the injection process, and probably the electron loss due to recombination 
with holes at the grain boundaries. Whereas, the MUA capped CdSe on FTO directly 
deposited on the SnO2 substrate, increased the electron transfer rate into the FTO 
substrate. 
 
 
 191 
450 500 550 600 650
0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
0.08
0.09
0.10
IP
CE
 %
Wavelength (nm)
540 nm
0.02 %
 
Figure 5.52: IPCE spectra of CdSe/TiO2/FTO electrodes. The photocurrent was 
performed in 1 mol dm-3 Na2SO3 electrolyte at pH 7 and the cell potential was set to 
+0.4 V. The light was chopped at 0.5 Hz. 
 
 
Figure 5.53 displays the TEM images of cross section of CdSe/TiO2/FTO electrode and 
the chemical analysis of the layer. The TEM images clearly show, separate layers 
were deposited on the FTO. The outer layer is the CdSe nanoparticle layer with the 
thickness of 0.17 m, this value is not the same as the thickness measured by 
interferometer of films deposited at 3 minute, which was about 2.20 m. This may 
be for two reasons, first the measurement from the interferometer is not accurate 
due to too thin film. The second reason is thick film of TiO2 layer was deposited on 
the FTO. This causes a potential drop across the TiO2 layer during EPD of CdSe which 
reduces the field resulting in a thinner CdSe layer on the TiO2/FTO substrate.  
 
The chemical analysis confirms that the first layer was the MUA capped CdSe layer 
due to cadmium, selenium, phosphorous and sulphur were recorded in the EDS 
spectrum, where cadmium and selenium were from the CdSe nanoparticles, 
phosphorous from unremoved TOPO on CdSe nanoparticles and sulphur from MUA 
ligand. Copper and platinum were also recorded on the first layer, Cu is obtained 
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from the sample holder and platinum is from the conductive layer deposited onto 
the layer, in order to performed FIB on the electrodes. The titanium element 
observed on the second layer is from the TiO2 layer and no cadmium or selenium 
were observed in the TiO2 layer, show that during the electrophoretic deposition the 
CdSe does not diffuse into the porous structure of the TiO2 layer. Other elements 
found on the TiO2 layer were platinum and copper, where platinum from the 
soldering material used to bond the sample to the copper holder and copper from 
the copper holder. 
 
 
  
 
(a) 
 
(b) 
Figure 5.53: TEM images and EDS of a cross-section of CdSe/TiO2/FTO. (a) The TiO2 
layer  (b) CdSe layer on TiO2. 
 
Cu holder Cu holder 
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5.5.6 Photocurrent Measurement of Mixed CdSe-TiO2 on 
TiO2/FTO 
 
Electrodes were prepared by depositing first layer of TiO2 nanoparticles on FTO. The 
TiO2 nanoparticles at 4.66 nm and concentration of 0.1 g ml
-1 were used. The 
electrophoretic deposition was carried out at 5 V for 0.5 min. The deposited layer 
was then dried in air and sinter 450oC for 1 hr. This was followed by second 
deposition of mixed CdSe-TiO2 nanoparticles. MUA capped CdSe nanoparticles at 
diameter of 545 nm and concentration of 4.26 X 1015 dots cm-3 were used for the 
electrophoretic deposition. The electrophoretic co-deposition was performed at 5 V 
for 3 min. After the second deposition, the colour of TiO2 films was change from 
milky white to light orange, indicating that mixed CdSe-TiO2 were deposited on the 
TiO2/FTO electrode. 
 
Since the first layer is mixed CdSe-TiO2 nanoparticles, the photocurrent were 
measured following the optimum condition for CdSe-TiO2 nanoparticles. The               
1 mol dm-3 electrolyte solution was prepared at pH 7 and the potential was applied 
at + 0.4 V vs Ag/AgCl/3 M KCl. The light was chopped at 0.5 Hz.  
 
The photocurrent spectra was plotted in Figure 5.54, the results show the first peak 
of the exciton was observed at 515 nm and IPCE was at 0.012 %. The IPCE value was 
a about 4 times less than the IPCE obtained from mixed CdSe-TiO2 nanoparticles on 
FTO, which may be due to thicker layer on CdSe-TiO2/TiO2/FTO electrodes and 
increased recombination loss. 
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Figure 5.54: IPCE spectra of CdSe-TiO2/TiO2/FTO electrodes. The photocurrent was 
performed in 1 mol dm-3 Na2SO3 electrolyte at pH 7 and the cell potential was set to 
+0.4 V. The light was chopped at 0.5 Hz. 
 
5.5.7 Photocurrent Measurement of CdSe/CdSe-TiO2/TiO2/FTO 
 
The electrode was prepared by depositing three different layers by electrophoretic 
deposition. The first layer to deposit is TiO2 nanoparticles on FTO substrate, followed 
by deposition of mixed CdSe-TiO2 nanoparticles and lastly CdSe nanoparticles layer 
on top of the structure. The CdSe nanoparticles at diameter 3.26 nm and                
2.34 X 1015 dots cm-3 concentration were used in this experiment. The TiO2 
nanoparticles at diameter 4.66 nm with concentration of 0.1 g ml-1 were used, the 
deposited film were sintered at 450oC for 1 hr. The same properties of CdSe and TiO2 
nanoparticles were used for the mixed of CdSe-TiO2 nanoparticles. The films 
prepared with this structure are referred to as CdSe/CdSe-TiO2/TiO2/FTO electrodes. 
Table 5.11 shows the electrophoretic deposition parameter used for each layer.  
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Table 5.11: Electrophoretic parameter used to deposit of multilayer of CdSe/CdSe-
TiO2/TiO2 on FTO substrate. 
Layer Applied voltage Deposition time 
First layer of TiO2 5 V 0.5 minute 
Second layer of CdSe-TiO2 5 V 3 minute 
Third layer of CdSe 5 V 2 minute 
 
 
The top most layers in this structure is the CdSe nanoparticles, the photocurrents 
were measure following the optimum condition for MUA capped CdSe. The                 
1 mol dm3 electrolyte solution was prepared at pH 7 and the potential was applied at 
+ 0.4 V vs Ag/AgCl/3 M KCl. The light was chopped at 0.5 Hz.  
 
The IPCE measurement of the CdSe/CdSe-TiO2/TiO2/FTO structure was show in the        
Figure 5.55. The first exciton peak was observed at 530 nm, with the IPCE of 0.011 %, 
which is no improvement from the previous IPCE results. This is because the top 
most layer of CdSe was removed off during the photocurrent measurement. Figure 
5.56 clearly show that the colour of the electrode change from orange to light 
orange after the photocurrent measurement. The exfoliation is not due to the drag 
force during removal of the electrodes from the photochemical cell. It was observed 
the CdSe nanoparticles sediment at the bottom of the photochemical cell before the 
electrode was removed from the cell. This shows that the CdSe layer is not adhesive 
to the second layer, which can be improved by post-deposition treatment of coating 
with thin layer of ZnS by dipping the electrode into 0.1 M aqueous solution of zinc 
acetate and sodium sulfide. The ZnS coating would passivate the CdSe nanoparticles 
and reduced undesired surface trapping process (231) (232). 
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Figure 5.55: IPCE spectra of CdSe/CdSe-TiO2/TiO2/FTO electrodes. The photocurrent 
was performed in 1 mol dm-3 Na2SO3 electrolyte at pH 7 and the cell potential was 
set to +0.4 V. The light was chopped at 0.5 Hz. 
 
 
 
 
(a) 
 
(b) 
Figure 5.56: The image of CdSe/CdSe-TiO2/TiO2/FTO electrodes (a) before 
photocurrent measurement (b) after photocurrent measurement. 
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5.5.8 Summary of Photocurrent Measurement 
 
Table 5.12, show the optimum condition of photocurrent measurement for single 
layer MUA capped CdSe, TiO2 nanoparticles and mixtures of CdSe-TiO2 nanoparticles. 
The chopper frequency chopper of 0.5 Hz gives a higher IPCE for both MUA capped 
CdSe and TiO2 nanoparticles. This frequency was used in the photocurrent 
measurement throughout the studies. As expected the CdSe nanoparticles were 
found to be dependent on the pH of electrolyte and the potential of the cell.  Layers 
which contain CdSe nanoparticles show a higher IPCE in less basic pH which was pH 
7, compared to pH 12 and also higher IPCE were obtained at higher potential applied 
to the cell. 
 
Table 5.12: Summary of the optimum condition for photocurrent measurement. 
 pH of 
electrolyte 
Potential of the 
cell 
MUA capped CdSe/FTO 7.0 + 0.4 V 
TiO2/FTO 10.3 0 V 
Mixture of MUA capped CdSe-TiO2 
nanoparticles 
7.0 + 0.4 V 
 
Photocurrent spectroscopy has been performed on electrodes with a single layer of 
MUA capped CdSe, TiO2 nanoparticles and mixtures of MUA capped CdSe with TiO2 
nanoparticles, summarized in Table 5.13.   
 
Table 5.13 shows a clear blueshift of the photocurrent spectra to lower wavelength 
region from the absorption peak of the CdSe nanoparticles used in film formation. 
This probably results from preferable deposition of small particles. 
 
The maximum IPCE was achieved at 0.70 % of MUA capped CdSe. The MUA capped 
CdSe thickness studies show that the IPCE was proportional to the deposition time, 
with thicker layer of MUA capped CdSe giving a higher number of injected 
photoexcited electrons reaching the substrate due to the increased amount of CdSe 
nanoparticles deposited. Best IPCE is obtained, in the absence of thick TiO2 layer. 
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This because the presence of the TiO2 film increases the whole structure thickness 
and leads to recombination of electron, presumably at particles boundaries causing  
reducing in the photocurrent. 
 
The IPCE of mixtures of MUA capped CdSe-TiO2 nanoparticles film was at 0.048%, 
which is not expected from the mixed electrode. This could be caused by back 
transfer of electron from TiO2 layer into trap states of CdSe nanoparticles which 
limits the electrons injected to the substrate.  
 
The two layer deposition of CdSe on TiO2/FTO substrate yield a very low in IPCE 
~0.020 %. TEM indicates this is due to limited contact between CdSe and TiO2 
nanoparticles due to CdSe nanoparticle accumulated on top of the TiO2 mesoporous 
structure, forming two separated layer as shown in Figure 5.49. IPCE of 0.012 % was 
measured from two layer deposition of mixed CdSe-TiO2 nanoparticles on TiO2/FTO 
electrodes. This can be explained by less CdSe nanoparticles deposited on the 
TiO2/FTO electrode and loss of photocurrent due to the thick layer of TiO2 on FTO.  
 
Three layer electrodes of MUA capped CdSe/ MUA capped CdSe-TiO2 
nanoparticles/TiO2/FTO were fabricated in order to improve the photocurrent 
measurement. It is expected that the top most layer of CdSe nanoparticles will 
generate electrons under illumination of light and transfer them to the second layer 
of mixed CdSe-TiO2 nanoparticles. This layer will avoid recombination of the 
photoexcited electrons with hole, and transport the photoexcited electron to the 
SnO2 substrate via third layer of TiO2 nanoparticles. The IPCE shows a low value at 
0.011 %, which due to the topmost CdSe does not adhering well to the second layer, 
they tend to come off during the photocurrent measurement. The IPCE of the three 
layer electrodes show a same value as the CdSe-TiO2 nanoparticles on TiO2/FTO 
electrodes. Since the topmost layer were come off, left with the second layer of 
MUA capped CdSe-TiO2 nanoparticles/TiO2/FTO, it measured the second layer of 
MUA capped CdSe-TiO2 nanoparticles/TiO2/FTO instead of measuring the 
photocurrent of three layer electrode. 
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Table 5.13: Summary of the results obtained from photocurrent measurement 
Structure First peak of 
the absorption 
Spectra of 
CdSe 
First peak of 
the 
photocurrent 
spectra 
IPCE % 
MUA capped CdSe/FTO 545 nm 400 nm 0.70 % 
TiO2/FTO - 340 nm 0.24 % 
Mixture of MUA capped CdSe-TiO2 
nanoparticles 
545 nm 525 nm 0.048 % 
MUA capped CdSe/TiO2/FTO 560 nm 540 nm 0.020 % 
MUA capped CdSe-TiO2 
nanoparticles/TiO2/FTO 
545 nm 515 nm 0.012 % 
MUA capped CdSe/ MUA capped 
CdSe-TiO2 nanoparticles/TiO2/FTO 
560 nm 530 nm 0.011 % 
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Chapter 6 Conclusions and Future 
Works 
 
Chapter 6 is the main conclusions of the results and discussions chapter in this Thesis 
and also future works on this research. 
6.1 Conclusions 
 
The results from this research have shown that EPD can successfully be employed to 
deposit MUA capped CdSe and TiO2 nanoparticle layer on fluorine doped indium tin 
oxide (FTO), and for the first time,  MUA capped CdSe resuspend in ethanol or 
mixtures of MUA capped CdSe-TiO2 nanoparticles deposited on FTO. This work has 
shown that electrophoretic co-deposition of a mixture MUA capped CdSe-TiO2 
nanoparticles is a viable new approach to fabricate QDSSC. Even though the IPCE 
value for the mixed MUA capped CdSe-TiO2 nanoparticles electrode is very low it is 
shown that EPD is suitable to be used in fabrication of the solar cells, offering the 
advantage of simplicity, speed and suitability for large area processing. 
 
In this research project, we have synthesises anatase TiO2 nanoparticles with the 
particles size of 4.66 nm from hydrolysis in water, without any post treatment such 
as hydrothermal or high sintering temperature. The band gap of the TiO2 
nanoparticles was determined from the photocurrent spectroscopy, and shows that 
the band gap of the oxide nanoparticles is 3.2 eV, which is the band gap of the 
anatase phase reported in literature. 
 
TOPO capped CdSe nanoparticles were electrophoretically deposited on FTO, a high 
voltage (500 – 1000 V) was required because of the non-polar solvent used to 
suspend the nanoparticles. No photocurrent was obtained from the resultant TOPO 
capped CdSe modified electrodes due to the hydrophobic behaviour of the ligands. 
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For the EPD of MUA capped CdSe, purification of MUA capped CdSe is important in 
order for the nanoparticles to move and stick on the substrate. The pH of the 
nanoparticles has to be adjusted to pH > 10.3 to make the MUA capped CdSe 
negatively charge. An applied voltage of 5 V was found to be suitable, since at this 
voltage no burned of the cathode occurred. Deposition times of 5 minute yielded the 
best quality film with fewest cracks. The thickness of MUA capped CdSe 
exponentially increases at the beginning of the deposition and levels off after              
5 minute of deposition. Photocurrent spectroscopy carried out at 0.5 Hz in                   
1 mol dm-3 at pH 7 and applied potential of the cells at + 0.4 V vs Ag/AgCl/3 M KCl. 
The resulting IPCE of 0.70 % was the maximum value obtained from this research. 
 
For the EPD of TiO2 nanoparticles, it is necessary to have the same EPD parameters 
used for MUA capped CdSe, in order to co-deposit both materials in one EPD process 
step.  The pH of the TiO2 nanoparticle solution was adjusted to pH 10 – pH 11 by 
adding TMAH, which also made the particles negatively charged and deposit on the 
anode under application of a constant voltage. The thickness of TiO2 nanoparticles 
rapidly increases at the early stages of deposition and then decreases gradually after 
3 minutes deposition time. Cracks were observed in the thicker layer. Photocurrent 
spectroscopy was measured at 0.5 Hz in 1 mol dm-3 with natural pH of 10.3 and 
applied potential of the cells at +0 V vs Ag/AgCl/3 M KCl. The results showed an IPCE 
of 0.35 %. 
 
Mixed of MUA capped CdSe with TiO2 nanoparticle layer were successfully deposited 
on the anode at an applied voltage of 5 V and the pH of the mixed sol was at 10 – 11, 
resulting in a visible coloured electrode. Photocurrent measurement was run at      
0.5 Hz in 1 mol dm-3 at pH of 7 and applied potential of the cells at + 0.4 V vs. 
Ag/AgCl/3 M KCl. Resulting IPCE of 0.048 %, low value may due to the reduced 
amount of CdSe nanoparticles were deposited. 
 
In this research we have demonstrated that it is possible to deposit multilayer 
semiconductor nanoparticles on porous TiO2 nanoparticles by EPD. First porous TiO2 
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nanoparticle modified electrodes were deposited on FTO by EPD. For two layer 
structures, MUA capped CdSe and MUA capped CdSe-TiO2 nanoparticle mixed sols 
were deposited on separate TiO2 porous electrodes.  The IPCE obtained for MUA 
capped CdSe/TiO2/FTO was at 0.020 % and 0.012 % for MUA capped CdSe-TiO2 
nanoparticles/TiO2/FTO. Three layer structure of MUA capped CdSe/MUA capped 
CdSe-TiO2 nanoparticles/TiO2/FTO were also fabricated using EPD process. 
Photocurrent was also measured on this three layer structure, and an IPCE of       
0.011 % was obtained, which is the lowest IPCE value in this research. The results 
show a very low in IPCE value, but the interest of this experiment is to see the 
possibility of depositing multilayer structure. There are a lot of improvements can be 
done in future in order to increase the IPCE value, listed below. 
6.2 Future Works 
6.2.1 Understanding the Electrophoretic Co-Deposition 
Mechanism for Mixed Nanoparticles. 
 
The electrophoretic co-deposition mechanism needs to be explored further in order 
to access its potential as a method of forming mixed CdSe-TiO2 layers. A new 
research could be carried out to study the effect of various concentrations of MUA 
capped CdSe and TiO2 nanoparticles on layer composition. Here, it is recommended 
to study more concentrated MUA capped CdSe and decrease the TiO2 nanoparticle 
concentration. Cross sections and chemical analysis of the deposited electrodes 
should be employed in order to understand the distribution of the nanoparticles 
throughout the film thickness.  
 
6.2.2 Post Treatment of the Multilayer Structure with Coating 
the Outer Layer with Thin Layer of ZnS. 
  
It have been reported by Gliménez et al. (231) and Shen et al. (232) that the IPCE of 
the QDSSC can be improve by coating ZnS on to the CdSe quantum dots. This can be 
done by alternately dipped the electrode into 0.1 M zinc acetate and 0.1 M Na2S for 
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1 minute each dip for two cycles. The reason for higher IPCE obtained from the ZnS 
coating is the passivation of the surface states of CdSe by ZnS, which results in 
minimal loss mechanism via surface state electron trapping. Thus, more 
photoexcited electrons are injected into the TiO2 and then transported to the SnO2 
substrate. The post-treatment can be done on the two layer structure of MUA 
capped CdSe-TiO2 nanoparticles/FTO and three layers structure of MUA capped 
CdSe/MUA capped CdSe-TiO2 nanoparticles/TiO2/FTO. 
 
6.2.3 IMPS (Intensity Modulated Photocurrent Spectroscopy) 
 
IMPS can be used to investigate the kinetics and transport of photogenerated charge 
carrier in semiconductors nanostructured electrodes prepared by electrophoretic 
deposition. 
 
6.2.4 EPD of CdSe Nanoparticle as biosensors. 
 
Since EPD is a promising method to deposit MUA capped CdSe on FTO, it is also 
possible to apply EPD to other capping agent of CdSe, such as CdSe@ZnS@MPA, and 
deposited them onto a substrate. The CdSe@ZnS@MPA films can be conjugated 
with protein, which can be used as biosensor to identify bacteria that colonies 
wounds. Instead, using CdSe@ZnS@MPA, CdSe@MUA also has the potential to be 
used as biosensor, as MUA and MPA have a same carboxyl and thiol group. 
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